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Abstract 6	
The Notch signaling pathway consists of transmembrane ligands and receptors that can 7	
interact both within the same cell (cis) and across cell boundaries (trans). Previous work 8	
has shown that cis-interactions act to inhibit productive signaling. Here, by analyzing 9	
Notch activation in single cells while controlling cell density and ligand expression level, 10	
we show that cis-ligands can in fact activate Notch receptors. This cis-activation process 11	
resembles trans-activation in its ligand level dependence, susceptibility to cis-inhibition, 12	
and sensitivity to Fringe modification. Cis-activation occurred for multiple ligand-receptor 13	
pairs, in diverse cell types, and affected survival and differentiation in neural stem cells. 14	
Finally, mathematical modeling shows how cis-activation could potentially expand the 15	
capabilities of Notch signaling, for example enabling “negative” signaling. These results 16	
establish cis-activation as a prevalent mode of signaling in the Notch pathway, and 17	
should contribute to a more complete understanding of how Notch signaling functions in 18	
developmental, physiological, and biomedical contexts.  19	
 20	
Introduction 21	
The Notch signaling pathway enables intercellular communication in animals. It plays 22	
critical roles in diverse developmental and physiological processes, and is often mis-23	
regulated in disease, including cancer (Louvi and Artavanis-Tsakonas 2012; Siebel and 24	
Lendahl 2017). Notch signaling occurs when membrane-bound ligands such as Dll1 and 25	
Dll4 on one cell activate Notch receptors on neighboring cells (Figure 1A, trans-26	
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activation) (Artavanis-Tsakonas, Rand, and Lake 1999; J. T. Nichols, Miyamoto, and 27	
Weinmaster 2007; Bray 2016). However, other types of interactions are also known to 28	
occur. Intercellular interactions between Notch1 and the ligand Jag1 have been shown 29	
to block trans-activation during angiogenesis and in cell culture (Figure 1A, trans-30	
inhibition) (Benedito et al. 2009; Hicks et al. 2000; Golson et al. 2009). Additionally, 31	
Notch ligands and receptors co-expressed in the same cell have been shown to mutually 32	
inhibit one another, suppressing productive intercellular signaling (Figure 1A, cis-33	
inhibition) (Sprinzak et al. 2010; del Álamo, Rouault, and Schweisguth 2011; Fiuza, 34	
Klein, and Martinez Arias 2010). Such ‘cis-inhibition’ has been shown to be important in 35	
diverse developmental processes including neurogenesis, wing margin formation in 36	
Drosophila, and maintenance of postnatal human epidermal stem cells (Micchelli, 37	
Rulifson, and Blair 1997; Jacobsen et al. 1998; Franklin et al. 1999; Lowell et al. 2000).  38	
 39	
The ability of co-expressed Notch ligands and receptors to interact on the same cell 40	
provokes the question of whether such interactions might also lead to pathway activation 41	
(Figure 1A, ‘cis-activation’). Cis-activation has been postulated (Formosa-Jordan and 42	
Ibañes 2014a; Hsieh and Lo 2012; Coumailleau et al. 2009; Pelullo et al. 2014), but has 43	
not been systematically investigated. A key challenge in identifying and characterizing 44	
such a behavior is the difficulty of discriminating between trans- and cis-activation in a 45	
multicellular tissue context, i.e. attributing any observed Notch signal to trans or cis 46	
ligand-receptor interactions. It has therefore remained unclear whether and where cis-47	
activation occurs, how it compares to trans-activation, and how it might co-exist with cis-48	
inhibition.   49	
 50	
Here, we used single cell imaging to investigate activation in isolated cells. We find that 51	
cis-activation is a pervasive property of the Notch signaling pathway. It occurs for 52	
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multiple ligands (Dll1 and Dll4) and receptors (Notch1 and Notch2), and in diverse cell 53	
types, including fibroblastic CHO-K1 cells, epithelial NMuMG and Caco-2 cells, and in 54	
neural stem cells. Cis-activation resembles trans-activation in the magnitude of the 55	
signaling response, modulation by R-Fringe, and susceptibility to cis-inhibition at high 56	
ligand concentrations. Furthermore, cis-activation appears to impact the survival and 57	
differentiation of neural stem cells. Finally, mathematical modeling shows that cis-58	
activation could expand the capabilities of the Notch pathway, potentially enabling 59	
“negative” Notch signaling and integration of information about levels of cis- and trans-60	
ligand. Together, these results extend the range of Notch signaling modes and provoke 61	
new questions about how cis-activation could function in diverse processes. 62	
 63	
Results 64	
Notch1-Dll1 cells show ligand-dependent cis-activation 65	
To analyze cis-activation, we sought to develop a synthetic platform that could allow 66	
tuning of Notch pathway components and quantitative single-cell read-out of pathway 67	
activation (Figure 1B). We used the CHO-K1 cell line, which does not naturally express 68	
Notch receptors or ligands and has been used in previous studies of the Notch pathway 69	
(Sprinzak et al. 2010; LeBon et al. 2014; Nandagopal et al. 2018). We engineered these 70	
cells to co-express the Notch ligand Dll1, a chimeric Notch1ECD-Gal4 receptor, as well 71	
as the Gal4-activated H2B-Citrine fluorescent reporter gene that enables readout of 72	
Notch activation (Materials and methods). In these engineered cell lines, receptors are 73	
expressed constitutively. Dll1 expression can be induced using the small molecule 4-epi-74	
Tetracycline (4-epiTc) in a dose-dependent manner, and monitored using a co-75	
translational H2B-mCherry fluorescent protein (LeBon et al. 2014). Upon activation by 76	
Notch ligand, the chimeric N1ECD-Gal4 releases Gal4, which can travel to the nucleus 77	
and activate H2B-Citrine expression. Engineered cells also express a Radical Fringe  78	
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 79	
Figure 1 	80	
Engineered CHO-K1 N1D1+Rfng cells show ligand-dependent cis-activation 81	
(A) Schematic of actual and potential cis- and trans-interaction modes in the Notch pathway. (B) 82	
Schematic of the N1D1+Rfng cell line. CHO-K1 cells were engineered to express a chimeric 83	
receptor combining the Notch1 extracellular domain (‘Notch1ECD’, green) with the Gal4 84	
transcription factor (orange) in place of the endogenous intracellular domain. When activated, 85	
released Gal4 activates a stably integrated fluorescent H2B-Citrine reporter gene (yellow) through 86	
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UAS sites (brown) on the promoter. Cells also contain a stably integrated construct expressing 87	
Dll1 (red) with a co-translational (2A, white) H2B-mCherry readout (‘mCH’, red), from a 4-epiTc-88	
inducible promoter. Cells also constitutively express Rfng (purple) and H2B-Cerulean (‘H2B-Cer’, 89	
blue). (C) (Left) Schematic of cis-activation assay conditions. A minority of N1D1+Rfng (blue 90	
nuclei) cells were mixed with an excess of wild-type CHO-K1 cells (white nuclei). The typical 91	
distance between N1D1+Rfng cells is ∆x. (Right) Filmstrip showing activation (Citrine 92	
fluorescence, green) of an isolated N1D1+Rfng cell using time-lapse microscopy. Constitutive 93	
cerulean fluorescence (blue) in the same cell nucleus is also shown (see Video 1 for additional 94	
examples). (D) Peak Notch activation rate in isolated N1D1+Rfng cells (y-axis) versus distance to 95	
each of its closest neighboring N1D1+Rfng cell (x-axis) at the point of maximum activity. One cell 96	
width is indicated by gray shaded area. Solid blue line indicates linear fit, whose flat slope 97	
suggests a cell-autonomous, distance-independent process. (E) Box plots showing the 98	
distribution of peak Notch activation rates in isolated N1D1+Rfng cells prior to the first cell 99	
division in the cis-activation assay, for three different median Dll1 induction levels (see Figure 1-100	
figure supplement 2A for corresponding distributions). P-values calculated using two-sided KS-101	
test.  102	
 103	
(Rfng) gene, which enhances Notch1-Dll1 interactions through receptor glycosylation 104	
(Moloney et al. 2000). Finally, these ‘N1D1+Rfng’ cells also constitutively express 105	
nuclear-localized H2B-Cerulean fluorescent protein, which enables their identification in 106	
co-culture assays.  107	
 108	
To discriminate cis-activation from trans-activation, we isolated individual N1D1+Rfng 109	
cells by co-culturing a minority of N1D1+Rfng cells (1%) with an excess of wild-type 110	
CHO-K1 cells (‘cis-activation assay’, Figure 1C, left). We first verified that their relative 111	
density was low enough to prevent trans-interactions between them, by confirming that a 112	
similar fraction of pure receiver cells, which express Notch1 but no ligands, were not  113	
 114	
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 115	
activated by N1D1+Rfng cells (Figure 1-figure supplement 1). We then used time-lapse 116	
microscopy to measure Notch activity in N1D1+Rfng cells in the cis-activation assay 117	
(Materials and methods). At intermediate Dll1 expression levels (with 80 ng/ml 4-epiTc), 118	
isolated N1D1+Rfng cells showed clear activation (Figure 1C, right; Video 1). As 119	
expected for a cell-autonomous process, Notch activity, estimated by the peak rate of 120	
Citrine production, was uncorrelated with proximity to neighboring N1D1+Rfng cells 121	
(Figure 1D). However, the activity depended strongly on ligand expression levels (Figure 122	
1E). Interestingly, this dependence was non-monotonic, peaking at intermediate levels of 123	
Dll1 induction, but returning to baseline at high ligand levels  (Figure 1E, Dll1 induction 124	
levels shown in Figure 1-figure supplement 2A). This suppression of Notch activity is 125	
consistent with the previously described phenomenon of cis-inhibition (de Celis and Bray 126	
Figure 1-figure supplement 1 
Cis-activation assay enables isolation of individual engineered cells  
(A) Schematic of ‘control’ cis-activation assay used to verify that the relative density of cells was 
low enough to prevent trans-interactions. N1D1+Rfng cells (magenta, 0.5%) were mixed with 
Notch receiver cells (‘N1 only’, green, 0.5%), and plated with an excess of wild-type CHO-K1 
cells (grey), with or without addition of 80 ng/ml 4-epiTc for Dll1 induction. Blue nuclei represent 
constitutive H2B-Cerulean expression. (B) Mean activation levels (measured by flow cytometry) 
in N1D1+Rfng (magenta) and N1-only (green) cells. Data was normalized to background Citrine 
levels in N1D1+Rfng cells not induced to express Dll1 (‘uninduced’). Dll1 expression increases 
activation of N1D1+Rfng cells, but not N1-only cells. Error bars represent the s.e.m across n=3 
biological replicates.  
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1997; Sprinzak et al. 2010; del Álamo, Rouault, and Schweisguth 2011). These results 127	
suggest that Notch1 can be activated by intermediate concentrations of cis-Dll1, but that 128	
this cis-activation is dominated or replaced by cis-inhibition at high ligand concentrations.  129	
 130	
We next asked how the strength of cis-activation compared to that of trans-activation, by 131	
analyzing the effect of intercellular contact on signaling levels. To control intercellular 132	
contact, we varied the fraction (relative density) of N1D1+Rfng cells in the co-culture, 133	
using wild-type CHO-K1 cells to maintain a constant total cell density. In order to 134	
increase the throughput of the experiment, we used flow cytometry to measure activation 135	
levels after 24 hours of culture (see Materials and methods). Total activation levels, 136	
which reflect a combination of cis- and trans-signaling, displayed a non-monotonic 137	
dependence on ligand expression for all N1D1+Rfng fractions, similar to cis-activation 138	
alone (Figure 1-figure supplement 2B, cf. Figure 1E). The peak amplitude of total 139	
activation was ~3-fold higher than cis-activation at high cell densities, but cis- and total 140	
signaling peaked at the same ligand concentration (Figure 1-figure supplement 2C). 141	
These results are consistent with overall Notch activation reflecting contributions from 142	
both cis- and trans-interactions, both of which depend similarly on ligand concentration 143	
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 144	
 145	
Figure 1-figure supplement 2 
Cis- and trans-activation share similar features 
(A) Histograms of mCherry fluorescence in cells analyzed in Figure 1E. Cells were categorized 
as expressing low, medium, or high Dll1 levels (shades of grey). (B) (Left) Schematic showing 
that total activation levels represent different relative contributions from cis- and trans-activation 
as the fraction of N1D1+Rfng cells increases. At the lowest fraction analyzed (lowest row of 
matrix, 5x103 N1D1+Rfng and 150x103 wild-type CHO-K1 cells), activation represents cis-
activation, while increasing the fraction of N1D1+Rfng cells (higher rows) leads to a larger 
contribution of trans-activation to the total signal. (Right) Heatmap of the fold change in mean 
Citrine levels in N1D1+Rfng cells, relative to background Citrine levels, for a range of relative cell 
fractions and Dll1-induction levels. Rows defined above. Columns correspond to different 
concentrations of the 4-epiTc inducer. Cells were plated under the indicated conditions and 
analyzed less than 24 hours later by flow cytometry. Data represents 3 biological replicate 
experiments. (C) Comparison of mean activation in N1D1+Rfng cells plated at lowest (cis, blue 
line) or highest (cis+trans, red line) relative density as a function of mCherry levels, which provide 
a co-translational readout of Dll1 expression. Error bars represent s.e.m. of 3 biological 
replicates.	
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In principle, cis-activation could be an artifact of the chimeric Notch1ECD-Gal4 receptor. 146	
To test this possibility, we analyzed cells co-expressing Dll1 and the wild-type Notch1 147	
receptor (N1WT). For readout, we used a previously characterized 12xCSL-H2B-Citrine 148	
reporter gene, which can be activated by cleaved NICD through multimerized CSL 149	
binding sites in the promoter region (Figure 1-figure supplement 3A, left panel) (Sprinzak 150	
et al. 2010). In the cis-activation assay, these ‘N1WTD1+Rfng’ cells showed cis-activation 151	
and non-monotonic dependence on ligand levels, similar to the responses described 152	
above for the N1ECD-Gal4 cells (Figure 1-figure supplement 3A, right panel). These 153	
results indicate that cis-activation occurs for wild-type as well as engineered receptors. 154	
 155	
Next, we asked whether cis-activation occurs in other cell types. We turned to the 156	
mammary epithelial cell line NMuMG (Owens, Smith, and Hackett 1974), knocking out 157	
the endogenously expressed Notch2 and Jagged1 genes using CRISPR-Cas9 158	
(Materials and methods, Figure 1-figure supplement 3B), and adding an inducible Dll1, 159	
constitutive Rfng, and a Notch1 reporter system similar to the one used in our CHO-K1 160	
cells, but with a different Dll1 induction system (Figure 1-figure supplement 3C). To 161	
ensure proper apical localization in these polarized cells, we also attached the ankyrin 162	
(ANK) domain of NICD to the Notch1ECD-Gal4 protein (Materials and methods, Figure 163	
1-figure supplement 3D). When analyzed in the cis-activation assay, isolated NMuMG 164	
N1D1+Rfng cells showed Notch activation (Figure 1-figure supplement 3E, Video 2). 165	
This activation increased with ligand expression in a dose-dependent manner (Figure 1-166	
figure supplement 3F), indicating that epithelial NMuMG cells also display cis-activation.  167	
 168	
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Figure 1-figure supplement 3 
Cis-activation occurs with the wild-type Notch1 receptor and in multiple cell types. 
(A) (Left) The N1WTD1+Rfng cell line (schematic). CHO-K1 cells were engineered to 
express the wild-type Notch1 receptor (‘N1WT’, green), an H2B-Citrine reporter (yellow) 
activated by cleaved NICD through 12 multimerized CSL binding sites in the promoter 
region (orange), and a Dll1-mCherry protein (red), from a 4-epiTc inducible promoter. 
Constructs for constitutive expression of Rfng (purple) and H2B-Cerulean (‘H2B-Cer’, blue) 
were also stably integrated into these cells. (Right) Flow cytometry analysis of the mean 
activation of N1WTD1+Rfng cells in the cis-activation assay. Note non-monotonic 
dependence of activation on ligand levels, qualitatively similar to that observed for 
N1D1+Rfng cells (Figure 1), which contain the chimeric N1ECD-Gal4 receptor. (B) (Left) 
Antibody staining levels, relative to unstained controls, for endogenous Notch2 receptor and 
Jagged1 ligand in the mouse mammary epithelial cell line NMuMG. (Right) Staining for 
endogenous Notch2 and Jagged1 after CRISPR-Cas9 mediated knock-out (Materials and 
methods). Levels of the receptor and ligand decrease to background levels. (C) Schematic 
of the NMuMG N1D1+Rfng cell line. NMUMGN2J1KO cells (panel B, right side) were 
engineered to express a chimeric receptor combining the Notch1 extracellular domain 
(‘N1ECD’, green) with the Gal4 transcription factor (orange) in place of the endogenous 
intracellular domain, and fused to the Ankyrin domain of the Notch1ICD (ANK, blue). When 
activated, Gal4-ANK is released and enables activation of a stably integrated fluorescent 
H2B-Citrine reporter gene (yellow) through UAS sites (brown) on the promoter. Cells also 
contain a stably integrated construct expressing Dll1 (red) with a co-translational (T2A, 
white) H2B-mCherry readout (red), from a Tet-off promoter.  A constitutively expressed 
rTetR-HDAC4 (‘rTetS’) gene (pink) suppresses expression of the Dll1-T2A-H2B-mCherry 
cassette in the presence of doxycyline (‘Dox’). Rfng (purple) is expressed co-translationally 
with rTetS. Cells also constitutively express H2B-Cerulean (‘H2B-Cer’, blue). (D) 
Representative images showing surface staining (green) of N1ECD-Gal4 (left) or N1ECD-
Gal4-ANK (right) receptors in NMuMG cells (gray overlay shows DIC channel). In the 
absence of the ANK domain, Notch receptor accumulates baso-laterally, and cannot be 
seen on the apical surface. Proper apical localization requires the ANK domain (white 
arrow). (E) Filmstrip showing activation (green depicts nuclear fluorescence in the Citrine 
channel) of an isolated NMuMG N1D1+Rfng cell using time-lapse microscopy. Constitutive 
cerulean fluorescence (blue) in the nucleus of the same cell is also shown. See Video 2 for 
additional examples of cis-activation under these conditions. (F) Dll1 expression levels 
(measured using the co-translational mCherry fluorescent protein) vs. mean activation 
(Citrine reporter fluorescence) of NMuMG N1D1+Rfng cells in the cis-activation assay. Dll1 
expression was controlled by treating cells with 0, 1, or 10 ug/ml doxycycline (yellow-orange 
circles as indicated) (Materials and methods). Data represent the mean values across 3 
biological replicate experiments, and error bars represent s.e.m. 
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To test whether cis-activation occurs with endogenous ligands and receptors, we next 171	
analyzed a human colorectal adenocarcinoma cell line Caco-2, in which Notch signaling 172	
is known to regulate proliferation and differentiation (Sääf et al. 2007; Dahan et al. 173	
2011). We measured endogenous Notch activity in these cells by transfecting them with 174	
the 12xCSL-H2B-Citrine reporter construct (used in Figure 1-figure supplement 3A). To 175	
analyze cis-activation, we plated the transfected cells sparsely, with or without treatment 176	
with the Notch inhibitor DAPT (Dovey et al. 2001) (see Materials and Methods). After 24 177	
hours, cells treated with DAPT displayed lower levels of Notch activation compared to 178	
untreated cells, suggesting that these cells can cis-activate (Figure 1-figure supplement 179	
4A). The level of cis-activation appeared similar to activation levels in cells plated at high 180	
density (cis + trans) (Figure 1-figure supplement 4B, Materials and Methods), indicating 181	
that the magnitude of cis-signaling is comparable to that shown at higher densities. 182	
 183	
Taken together, our results demonstrate that cis-activation is a general phenomenon in 184	
Notch signaling, occurring in diverse cell types. In cells co-expressing Notch1, Dll1, and 185	
R-Fringe, cis-activation strength depends on ligand concentration, and is non-monotonic 186	
in CHO cells, where cis-activation peaks at intermediate ligand concentrations, but is 187	
replaced by cis-inhibition at the highest ligand levels (Figure 1-figure supplement 2A, C).  188	
 189	
Cis-activation changes with ligand-receptor affinity 190	
The affinity of ligand-receptor interactions is affected by the identities of the ligand and 191	
receptor, and co-expression of glycosyltransferases like Rfng (Moloney et al. 2000; Yang 192	
et al. 2005; Taylor et al. 2014). We next asked how these factors impact cis-activation, 193	
starting with Rfng, which is known to increase Notch1-Dll1 signaling. We compared the 194	
N1D1+Rfng line to its parental line (‘N1D1’), which lacks ectopic Rfng but is otherwise 195	
identical. N1D1 cells also showed ligand-dependent cis-activation, but at reduced levels 196	
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 197	
 198	
 199	
(Figure 2A). Non-monotonicity was preserved, with cis-activation dominating at 200	
intermediate Dll1 concentrations, and cis-inhibition dominating at high Dll1 201	
concentrations. Further, extending the analysis of Notch activation to increased 202	
intercellular contact, we observed a similar dependence on cell fraction and Dll1 203	
expression with and without Rfng, with the two states differing in signal amplitude but not 204	
the shape of the ligand response (Figure 2B). These results show that Rfng increases 205	
the amplitude of both cis and trans signaling without affecting the overall dependence of 206	
signaling on Dll1 expression level.  207	
 208	
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Figure 1-figure supplement 4 
Cis-activation occurs with endogenous ligands and receptors in Caco-2 cells 
(A) Mean activation levels in sparsely-plated Caco-2 cells, transfected with the 12xCSL-H2B-
Citrine reporter construct, with or without 100 uM DAPT, <24 hours after plating, endogenous 
Notch activation was analyzed by flow cytometry. (B) Mean activation levels in densely plated 
Caco-2 cells, transfected with the 12xCSL-H2B-Citrine reporter construct, and treated with or 
without 100 uM DAPT. Endogenous Notch activation was analyzed by flow cytometry <24 hours 
after plating. Error bars represent s.e.m of 3 biological replicate experiments. P-values calculated 
using the one-sided Student T-test.   
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We next analyzed how the identity of the ligand affects cis-activation. Compared to Dll1, 209	
the ligand Dll4 has increased affinity for Notch1 (Andrawes et al. 2013). We engineered 210	
CHO-K1 cells to stably express either an inducible Dll4-T2A-H2B-mCherry or Dll1-T2A-211	
H2B-mCherry, along with a constitutive Notch1ECD-Gal4 Notch reporter system. To 212	
enable direct comparison, we performed the cis-activation analysis on polyclonal 213	
populations for the two cell lines. Compared to the Dll1-expressing cells, Dll4-expressing 214	
cells showed enhanced cis-activation and cis-inhibition, exhibiting greater peak reporter 215	
activity at intermediate ligand expression levels but comparable activity at the highest 216	
ligand expression levels (Figure 2C). Adding Rfng to the N1D4 cells did not further 217	
increase cis-activation or cis-inhibition (Figure 2-figure supplement 1A), consistent with 218	
the idea that Rfng does not increase Dll4-Notch1 affinity (Taylor et al. 2014). Together, 219	
these data suggest that stronger ligand-receptor interactions, achieved either through 220	
the addition of Rfng or through the use of a stronger affinity Notch ligand like Dll4, can 221	
enhance both cis-activation and inhibition.   222	
 223	
Notch2 shows stronger cis-activation but decreased cis-inhibition compared to Notch1 224	
To investigate whether cis-activation occurs with other Notch receptors, we engineered 225	
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 235	
CHO-K1 cells to express a similar reporter system for Notch2 activation (Notch2ECD-236	
Gal4) along with inducible Dll1- or Dll4-T2A-H2B-mCherry, as described previously. Both 237	
N2D1 and N2D4 cell populations showed a notable increase in cis-activation compared 238	
to their Notch1 counterparts, with ~3-fold higher maximal cis-activation (Figure 2D, note 239	
difference in scale compared to Figure 2C). Moreover, unlike Notch1, Notch2 showed 240	
similar levels of cis-activation by the Dll1 and Dll4 ligands (Figure 2D). Strikingly, the 241	
profile of activation was monotonic, with cis-activation persisting even at the highest 242	
ligand levels tested (Figure 2-figure supplement 2). Together, these results indicate that 243	
Notch2 undergoes cis-activation, does so at a higher level than Notch1, and is not cis-244	
inhibited as strongly as Notch1.  245	
Figure 2 
Cis-activation is affected by changes in ligand-receptor affinity 
(A) (Top) Cell lines used for analyzing effect of Rfng on cis-activation. (Bottom) Plots showing 
mean Notch activation (reporter Citrine fluorescence normalized to background fluorescence in 
uninduced cells) in N1D1 (black) or N1D1+Rfng (purple) cells expressing different levels of Dll1 
(measured using co-translational mCherry fluorescence). Error bars indicate s.e.m (n =  3 
biological replicate experiments). (B) Heatmaps of mean Notch activation (n = 3 biological 
replicates), relative to background reporter fluorescence, in N1D1+Rfng (upper panel) or N1D1 
(lower panel) cells induced with different [4-epiTc] (columns) and cultured at different relative 
fractions (rows). Upper panel is the same data in Figure 1-figure supplement 2B, re-plotted for 
direct comparison. In both cell lines, Rfng expression predominantly affects signal amplitude 
(compare intensity scales between heatmaps). (C,D) (Top) Cell lines used for analyzing effect of 
ligand on cis-activation of Notch1 (C) or Notch2 (D). (Bottom) Comparison of mean cis-activation 
in polyclonal populations (‘Pop’) of cells co-expressing Dll1 or the higher affinity ligand Dll4 with 
the indicated receptor, as a function of ligand expression, read out by co-translated H2B-mCherry 
fluorescence. Values represent mean of 3 biological replicates. Error bars indicate s.e.m. Note 
difference in y-axis scales between panels C and D. 
 
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 17	
Cis-activation regulates neural stem cell maintenance and differentiation 246	
We next asked whether cis-activation could play a functional role in Notch-mediated 247	
processes. As a model system, we used mouse cortical neural stem cells (NSCs), in 248	
which Notch signaling is known to regulate self-renewal and differentiation (Bertrand, 249	
Castro, and Guillemot 2002; Kageyama et al. 2008). Importantly, primary NSCs can be 250	
cultured and propagated in vitro under defined media conditions and cell density (Daadi 251	
2002). 252	
 253	
To assess their potential for cis-activation, we first sought to identify the Notch 254	
components expressed in NSCs. Bulk RNA sequencing showed that these cells express 255	
high levels of the receptor Notch1, the ligand Dll1, and the Lfng glycosyltransferase, and 256	
lower levels of Notch2 and Rfng, suggesting that NSCs have the potential to cis-activate 257	
Figure 2-figure supplement 1 
Rfng does not modify the cis-activation behavior of N1D4 cells 
(A) (Top) Cell lines used for analyzing effect of Rfng (purple) on cis-activation, in the context of Notch1 and 
Dll4. (Bottom) Comparison of mean cis-activation in polyclonal N1D4 cells with (purple, ‘N1D4 Pop+Rfng’) 
or without (black, ‘N1D4 Pop’) expression of Rfng, as a function of ligand expression (measured using 
fluorescence of the co-translated H2B-mCherry protein). Values represent mean of 3 biological replicate 
experiments, and error bars indicate s.e.m.  
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(Figure 3-figure supplement 1A, Materials and methods). To identify suitable gene 258	
targets for assaying Notch activation, we next analyzed the expression of the Hes/Hey 259	
genes, with or without treatment with the Notch inhibitor DAPT for 12 hours. 260	
  261	
 262	
Since NSC culture conditions include treatment with the EGF and FGF growth factors, 263	
and there is evidence for crosstalk between the growth factors and Notch signaling 264	
pathways in these cells (Aguirre, Rubio, and Gallo 2010; Nagao, Sugimori, and 265	
Figure 2–figure supplement 2
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Figure 2-figure supplement 2 
Notch2 lacks cis-inhibition with Dll1 or Dll4  
(A) Mean Notch activation levels, relative to background reporter fluorescence, in polyclonal 
N2D1 Pop cells plated on surfaces coated with (black) or without (blue) 2.5 ug/ml recombinant 
human Dll1ext-IgG fusion protein (Materials and methods). (B) Mean Notch activation levels, 
relative to background reporter fluorescence, in polyclonal N2D4 Pop cells plated on surfaces 
coated with (black) or without (red) 2.5 ug/ml recombinant human Dll1ext-IgG fusion protein. 
Values represent the mean of 3 biological replicate experiments and error bars represent s.e.m. 
In A and B, cells were induced to express a range of Dll1/4 levels (measured using co-translated 
mCherry fluorescence) and cultured under cis-activation assay conditions (5x103 N2D1/4 + 
150x103 CHO-K1 cells). Note similar activation levels on Dll1ext-IgG-coated surfaces for all cis 
Dll1/4 expression levels, suggesting that the Notch2 receptor is not inhibited by co-expressed 
ligand. Also note that the strength of cis-activation is similar to trans-activation by an excess of 
plate-bound ligand, suggesting that cis ligands can maximally activate Notch2-expressing cells.  	
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Nakafuku 2007), we compared Notch activation with or without the Notch inhibitor DAPT 266	
(10µM), under both reduced (0.5 ng/ml EGF, no FGF) and normal (20 ng/ml EGF, 20 267	
ng/ml FGF) growth factor conditions (Materials and methods). Canonical Notch target 268	
genes Hes1, Hes5, and Hey1 responded to Notch inhibition in these cells, and did so 269	
most strongly at reduced growth factor concentrations (Figure 3-figure supplement 1B).  270	
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To analyze cis-activation in NSCs, we plated them at very low density in reduced growth 272	
factor conditions (0.1 ng/ml EGF, no FGF), and cultured them with or without 10 µM 273	
DAPT (Figure 3A, Materials and methods). After 6 hours, we assayed mRNA transcript 274	
levels of Hes1, Hey1, and Hes5 in isolated cells using single-molecule HCR-FISH (Choi 275	
et al. 2010, 2018) (Figure 3B, Figure 3-figure supplement 1C). Consistent with Notch- 276	
Figure 3-figure supplement 1 
RNAseq analysis of Notch pathway component expression in neural stem cells 
(A) Expression levels of Notch receptors, ligands, and Fringes, measured using RNAseq (see 
Materials and methods), in neural stem cells cultured in the presence of 0.5 ng/ml EGF and 10 µM 
DAPT for 12 hours. (B) Expression levels of canonical Notch target genes Hes1, Hey1, and Hes5 
cultured in low or high growth factor conditions, with or without 10 µM DAPT treatment for 12 hours 
(see Materials and methods). (C) Examples of isolated NSCs, plated for 6 hours without DAPT, 
showing >10 transcripts of either Hes1 or Hes5. <3% of DAPT-treated cells pass this criterion.. 
Across the three target genes, the DAPT-treated sample has zero cells (out of 298 total cells) 
similar to Cells 1, 3, or 6, and only one cell similar to Cells 2, 4, and 5. The top row of images 
shows DAPI stained nuclei. Note lack of neighboring cells. Lower rows show zoomed in views of 
regions outlined in white, showing the cell in three fluorescent channels in which Hes1, Hey1, and 
Hes5 are labeled in the multiplexed smHCR-FISH experiment. Numbers indicate computationally 
detected number of transcripts (see Materials and methods).   
 
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 22	 277	
Figure 3 
Cis-activation occurs in neural stem cells and regulates survival and differentiation 
(A) E14.5 mouse cortical neural stem cells (NSCs) were plated sparsely and treated with ±10 
µM DAPT, cultured under growth or differentiation conditions, and subsequently assayed for 
expression of Notch target genes, survival, or expression of differentiation markers. (B) (Left) 
Representative example of an isolated NSC (top panel, DAPI-stained nucleus shown; note lack 
of neighboring cells within ~50 µm) not been treated with DAPT, assayed for expression of Hes1 
(green), Hey1 (red), and Hes5 (magenta) mRNA using multiplexed single-molecule HCR-FISH 
(see Materials and methods). (Right) Cumulative distribution plots of gene expression in DAPT-
treated (black) and untreated (orange) cells (see Materials and methods for transcript 
quantification). P-values calculated using two-sided KS-test. See Figure 3-figure supplement 1C 
for additional examples of isolated cells showing Hes/Hey expression. (C) Comparison of mean 
number of isolated untreated (orange) or DAPT-treated (black) cells after 24 hours. Error bars 
represent s.e.m of n=4 biological replicates. (D) Fraction of cells showing high β-Tubulin + low 
GFAP levels, based on immunostaining (see Materials and methods) under differentiation 
conditions. Error bars represent s.e.m, n=2 biological replicates. See Figure 3-figure supplement 
2B for complete distributions.  
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induced gene expression in these isolated cells, DAPT treatment decreased mean 278	
expression levels of all three genes (Figure 3B, cumulative histograms). Specifically, the 279	
expression levels decreased by ~2-fold for Hes1 (mean fold change 2.5, bootstrapped 280	
95% confidence interval [2.1, 4.1]), and Hes5 (mean 1.9, c.i. [1.3, 2.5]), and by ~25% for 281	
Hey1 (1.2, c.i. [1.1, 1.2]). These results suggest that isolated NSCs show Notch-282	
dependent gene expression, consistent with cis-activation.  283	
 284	
We next asked whether cis-activation plays a functional role in regulating the Notch-285	
dependent processes of NSC maintenance and differentiation. To test the effect on cell 286	
maintenance, we plated cells at low density in low growth factor conditions with or 287	
without DAPT treatment (see Materials and methods). Under these conditions, DAPT 288	
treatment dramatically decreased the number of cells after 24 hours, implying that initial  289	
cell survival depends on cis-activation (10-fold, Figure 3C). Moreover, plating NSCs on 290	
recombinant Dll1ext-IgG led to a striking increase in cell numbers, further supporting a 291	
positive effect of Notch activation on cell survival (Figure 3-figure supplement 2A, 292	
Materials and methods). Together, these results suggest that cis-activation of Notch is 293	
necessary for initial NSC survival in low growth factor conditions.  294	
 295	
To assay the effect of cis-activation on NSC differentiation, we cultured NSCs at low 296	
density in low serum media previously shown to induce differentiation into neural and 297	
glial fates (Imayoshi et al. 2013), with or without DAPT treatment. We estimated 298	
differentiation by immunostaining for the marker genes β-Tubulin and GFAP after 24 299	
hours. Quantification of staining in single cells showed that DAPT treatment altered 300	
expression patterns of these markers, suggesting that cis-activation could influence cell 301	
fate choice as well as survival (Figure 3D, Figure 3-figure supplement 2B, Materials and 302	
methods).  303	
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Cis-activation requires cell surface interactions between ligands and receptors 304	
To gain insight into where cis-activation occurs in the cell, we tested whether cell surface 305	
ligand-receptor interactions were required for productive signaling (Figure 4A). 306	
Treatment of cells with soluble recombinant N1ECD-Fc (rN1ECD-Fc) receptors has 307	
been shown to prevent trans-signaling by blocking surface ligands (Klose et al. 2015). 308	
We first confirmed that activation levels in densely-plated N1D1+Rfng cells decreased 309	
when they were incubated in rN1ECD-Fc containing media for 24 hours, compared to 310	
IgG-treated controls (Figure 4-figure supplement 1A). Interestingly, a similar decrease in 311	
activation levels could be observed in N1D1+Rfng cells plated in the cis-activation assay 312	
(Figure 4B), suggesting that blocking ligand-receptor interactions at the surface reduces 313	
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Figure 3-figure supplement 2 
Notch-dependent cell survival and differentiation of neural stem cells 
(A) Comparison of the number of cells after 24 hours in samples of isolated cells with (black) or 
without (orange) DAPT treatment, or cultured on surfaces coated with recombinant Dll1ext-IgG 
protein (see Materials and methods). Error bars represent s.e.m, n=4 biological replicates. (B) 
Scatter plot of immunostained GFAP and β-Tubulin in isolated cells left untreated (orange) or 
treated with DAPT (black), under differentiation conditions for 24 hours (see Materials and 
methods). Dashed lines indicate thresholds used to categorize expression as high or low, used 
in Figure 3D.  	
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cis-activation. This effect was not limited to soluble receptor fragments; co-culturing a 314	
minority (5%) of N1D1+Rfng cells with an excess of Notch1-only expressing cells 315	
similarly reduced cis-activation, and by a comparable amount (Figure 4-figure 316	
supplement 1B). We further perturbed cell-surface ligand-receptor interactions by 317	
treating cells with Blebbistatin, an inhibitor of non-muscle myosin II, known to disrupt  318	
cellular adhesion and protrusions (Materials and methods) (Liu et al. 2010; Shutova et 319	
al. 2012). Similar to rN1ECD-Fc, treatment with Blebbistatin decreased both cis- and 320	
trans-activation of N1D1+Rfng cells to similar extents (Figure 4-figure supplement 1C). 321	
These results suggest that cis-activation requires surface presentation of the ligand, and 322	
is consistent with a model in which productive cis ligand-receptor interactions, like trans 323	
interactions, occur at the cell surface.  324	
 325	
To determine whether interactions other than surface receptor/ligand binding could be 326	
facilitating cis-activation, we sought to measure the ability of N1D1+Rfng cells to cis- 327	
activate in a suspension culture. This enabled us to ask whether cis-activation requires 328	
interactions with the culture dish surface. For example, cis-activation could require focal  329	
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Figure 4 
Receptor-ligand cell surface interactions are necessary for cis-activation 
(A) Schematics showing how soluble recombinant N1ECD-Fc protein (rN1ECD-Fc) can be 
used to test whether surface interactions between ligand (red) and receptor (green) are 
necessary for cis-activation. (Left) With intracellular cis-activation, addition of extracellular 
rN1ECD-Fc should not affect cis-activation levels. (Right) If surface interactions are 
necessary for cis-activation, rN1ECD-Fc treatment should reduce activation levels by 
competing with receptors for cell-surface ligands. (B) Comparison of mean Notch activation 
in N1D1+Rfng cells incubated with rNotch1ECD-Fc receptors (magenta) or an IgG control 
(black) for 24 hours (see Materials and methods). Cells were plated for a cis-activation 
assay and analyzed by flow cytometry <24 hours post-plating. Error bars represent s.e.m 
(n=3 biological replicate experiments). P-values calculated using the one-sided Student T-
test. (C) Schematic of procedure for culturing N1D1+Rfng cells in suspension. Plates were 
coated with a Silicone solution (‘Si’), and cells were subsequently plated for a cis-activation 
assay (co-culture of 5x103 N1D1+Rfng + 150x103 CHO-K1 cells). The plate was incubated 
at 37oC, 5% CO2 on a rocker to prevent cells from adhering to the plate surface. (D) (Left) 
Representative image of cells grown in adherent (blue) or suspension (red) conditions. 
(Right) Comparison of mean Notch activation levels, relative to background reporter 
fluorescence, in N1D1+Rfng cells cultured for 24 hours in suspension (red) or in adherent 
conditions (blue), for different Dll1 expression levels (measured using co-translated mCherry 
fluorescence). Cells were in cis-activation co-culture conditions (5x103 N1D1+Rfng + 
150x103 CHO-K1 cells). Error bars represent s.e.m (n = 3 biological replicates).  
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adhesions formed at points of contact with the dish or result from cells depositing ligands 331	
on the culture surface, which could in turn trans-activate cell-surface receptors. To 332	
create suspension cultures, cell adhesion to the plate surface was prevented by pre-333	
coating the surface with silicone (Nienow, Hewitt, and Heathman 2016) and putting the 334	
plate on a rocker for the duration of the experiment (Figure 4C, Materials and methods). 335	
Under such suspension culture conditions, N1D1+Rfng cells (co-cultured with an excess 336	
of wild-type CHO-K1 cells as in the cis-activation assay, see Figure 1C) continued to 337	
show cis-activation (Figure 4D). We note that culturing cells in suspension leads to slight 338	
reductions in cell-surface Notch1 and Dll1 levels (Figure 4-supplement 1D), which could 339	
account for the minor reduction in peak cis-activation observed in suspension cells 340	
compared to adherent cells. Nevertheless, these results suggest that cis-activation is a 341	
cell-intrinsic process and does not require extensive interactions with the culture surface. 342	
 343	
Together, our results support a model in which cis-activation arises in a cell-intrinsic 344	
manner from interactions between ligands and receptors on the cell surface. More 345	
generally, the observed similarities between cis- and trans-activation in their 346	
dependence on ligand concentration and ligand-receptor affinities, and sensitivity to 347	
perturbations, could reflect a common underlying mechanism of activation. 348	
 349	
Cis-activation enables integration of intra- and extracellular information and negative 350	
signaling 351	
Finally, we turned to the fundamental question of what types of underlying interactions 352	
could explain the observed characteristics of cis-activation, such as its non-monotonic 353	
dependence on ligand levels. We developed a series of simplified mathematical models 354	
of Notch-ligand cis-interactions at steady-state and compared their behaviors to 355	
experimental observations.  356	
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We first considered the simplest case of Notch (N) and Delta (D) reversibly interacting in 359	
cis to form a single activation-competent complex, denoted C+, which can subsequently 360	
undergo cleavage to release NICD (Figure 5A, Model 0, Materials and methods). We 361	
simulated this model using 10,000 biochemical parameter sets, chosen using the Latin 362	
Hypercube Sampling method (McKay, Beckman, and Conover 1979) (Figure 5B, Figure 363	
5-figure supplement 1, Materials and methods). For each parameter set, we quantified 364	
Figure 4-figure supplement 1 
Surface perturbations affect N1D1+Rfng cis-activation  
(A) (Left) Schematic showing how recombinant N1ECD-Fc protein (rN1ECD-Fc) affects 
trans-activation between cells expressing ligands (red) and receptors (green). rN1ECD-Fc 
protein, present in excess, binds to surface ligands and prevents their interactions with 
receptors on neighboring cells. This is expected to reduce overall Notch activation in cells 
relative to the control (cells incubated with IgG protein). (Right) Comparison of mean Notch 
activation in N1D1+Rfng cells incubated with rNotch1ECD-Fc receptors (magenta) and 
those that were incubated with IgG (black) for 24 hours (see Materials and methods). Cells 
were plated densely to allow trans-activation and analyzed by flow cytometry <24 hours 
post-plating. Error bars represent s.e.m (n=3 biological replicate experiments). (B) (Left) 
Schematic of N1D1+Rfng cells co-cultured with CHO-K1 cells (top) or Notch1 cells (‘N1-only 
cells’) that express receptor but no ligand. Notch1 cells can bind to the Dll1 ligand on the 
N1D1+Rfng cells and block it from interacting with Notch1 on the same cell. If surface 
interactions are necessary for cis-activation, this will lead to a decrease in Notch activation. 
(Right) Comparison of mean Notch activation in N1D1+Rfng cells co-cultured with an 
excess (95% of culture) of CHO-K1 cells (black) or N1-only cells (magenta). Error bars 
represent s.e.m (n=3 biological replicate experiments). (C) Mean Notch activation in 
N1D1+Rfng cells co-cultured at low (mostly cis-activation, ‘Cis-only’) or high (cis+trans-
activation, ‘Cis + trans’) relative density with CHO-K1 cells and treated with 10 µM 
Blebbistatin (Materials and methods). Data is shown as a fold-change relative to control 
untreated samples plated similarly. Error bars represent s.e.m (n=3 biological replicate 
experiments). (D) Compared to adherent culture (blue), suspension culture (magenta) of 
N1D1+Rfng cells results in a slight decrease in cell-surface levels of mean Dll1 (left) and 
Notch1 (right), measured by immunostaining (see Materials and methods). Error bars 
represent s.e.m (n=3 biological replicate experiments).  
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the degree of non-monotonicity in the concentration of C+ as a function of the Delta 365	
production rate, αD (Figure 5B, D). Model 0 did not produce non-monotonic 366	
responses  (Figure 5C, Materials and methods), indicating that cis-activation at low 367	
ligand concentrations and cis-inhibition at high concentrations cannot both result from a 368	
single underlying type of cis-complex.  369	
 370	
We next considered a more complex model in which Notch and Delta can generate two 371	
distinct types of cis-complexes, C+ and C-, with only the former competent to activate 372	
(Figure 5A, Model 1, Materials and methods). However, analysis across diverse 373	
parameter sets showed that this model too was unable to recapitulate non-monotonic C+ 374	
behavior (Figure 5C, Materials and methods).  375	
 376	
We reasoned that preferential formation of active C+ and inactive C- at lower and higher 377	
Delta production rates, respectively, could in principle result from a sequential process of 378	
cis-complex formation (Figure 5A). For instance, C- could be formed from C+ through 379	
additional interactions of the active complex with itself (C+ + C+ → C-, Model 2b), through 380	
interactions with free N and D (N + D + C+ → C- Model 2a), or interactions with ligand (D 381	
+ C+ → C-,  Model 2c). (Note that C- has different constituents in each of these different 382	
models). Alternatively, formation of C- might require higher-order N-D interactions than 383	
required for formation of C+. For example, C- could require interaction of 2 ligands and 2 384	
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 388	
 389	
Figure 5 
Mathematical model of cis-activation reveals potential roles in signal processing 
(A) Schematics of different cis-activation models. In each model, Notch (‘N’, green) and Delta (‘D’, 
blue) interact to produce one or more cis-complexes, which can be active (‘C+’), producing NICD 
(green arrow) or inhibited (‘C-’, red circle). In Models 2a-d, C+ is formed through the same interaction, 
but C- formation is different for each of the included models. (B) Overview of simulations (see 
Materials and methods). (C-E)  Results of simulations. (C) Percentage of parameters that lead to non-
monotonic C+ behavior in each of the models (see Material and methods for assessment of this 
feature) (D) Example of non-monotonic dependence of C+ on Delta production rate (‘αD’), generated in 
Model 2c for one choice of parameter values. The fractional incline and decline features used to 
characterize the degree of non-monotonicity  (and plotted in panel E) are shown. (E) Scatter plot of 
fractional incline vs. decline for each non-monotonic C+ profile produced by Models 2b-d. Filled black 
circles and associated schematic plots highlight C+ profile shapes corresponding to different incline vs. 
decline levels. (F) Schematic of model including both cis- and trans-activation. Notch receptors can 
interact with intracellular Delta (‘cis D’) or extracellular Delta (‘trans D’) to form cis- and trans-
complexes, respectively. Cis-complexes can be either inhibited (red circle) or activating (green arrow), 
while trans complexes are activating. (G) Example of total activation (levels of activating cis + trans 
complexes) as a function of cis and trans D, for a single set of parameters producing non-monotonic 
cis-activation. (H) Corresponding sensitivity to change in cis D for the example in G. This sensitivity 
(‘d(Total Activation)/d(log(cis D))’) is defined as the change in total activation upon constant fold-
changes in cis D levels, and is derived from G by computing the difference between adjacent columns 
of the total activation matrix. (I) Scatter plot showing median values of total activation vs. sensitivity to 
change in cis D in different regimes of cis and trans D (high cis/high trans - red, high cis/low trans - 
beige, low cis/high trans - orange, low cis/low trans - brown). Each circle represents results obtained 
using a single set of parameters in Model 2c (with trans-activation). (J) Schematic of model including 
cis- and trans-inhibition. Notch receptors can interact with intracellular Delta (‘cis D’, blue) or 
extracellular ligand (‘trans ligand’, purple) to form cis- and trans-complexes, respectively. Cis-
complexes can be either inhibited (red circle) or activating (green arrow), while trans complexes 
cannot activate. (K) Dependence of total activation levels on trans-ligand, for cis D production rate 
corresponding to peak cis-activation. Each grey line represents behavior for a single set of 
parameters, while the black line represents the median response across all tested parameters. 
Simulation code and parameter values are included in Figure 5 – source data 1.  	
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receptors (2N + 2D → C-, Model 2d). Notch ligands and receptors are known to form 390	
clusters (Bardot et al. 2005; James T. Nichols et al. 2007; Nandagopal et al. 2018), and 391	
each of these models is consistent with a picture in which the inactive C- complex 392	
involves increased clustering of ligands and receptors compared to the active C+ 393	
complex. Strikingly, across the same set of parameters tested before, these models  394	
produced non-monotonic C+ profiles more frequently than Models 0 and 1 (Figure 5C). 395	
For example, Model 2c gave rise to non-monotonic behavior for over 40% of tested 396	
parameter sets. Moreover, when the shape of the C+ profile was analyzed across 397	
parameter sets that produced non-monotonicity (Figure 5D), Model 2c came closest to 398	
reproducing the experimentally observed cis-activation response shape, often showing 399	
nearly complete attenuation of activation at the highest Delta production rates (Figure 400	
5E, cf. Figure 1E, Figure 1-figure supplement 2C). Other models often produced non-401	
monotonic C+ profiles with more modest declines of 30-40% at the highest ligand 402	
production rates. While this analysis does not uniquely identify a specific molecular 403	
mechanism, it suggests that multiple distinct cis-complexes are likely required to explain 404	
the observed non-monotonic responses and that this behavior could arise through 405	
several distinct modes of interaction. It is also consistent with a potential role for a 406	
clustering-based mechanism.  407	
 408	
In natural tissue contexts, cis-interactions co-exist with trans-interactions. To understand 409	
how these two effects combine, we extended Model 2c to incorporate the effects of trans 410	
interactions. We assumed that trans-ligands interact with Notch to form productive trans 411	
complexes, denoted T, and do so with the same rates of formation, dissociation, and 412	
degradation as the active cis-complexes, C+ (Figure 5F). For each non-monotonic 413	
parameter set in Figure 5E, we quantified the total concentration of active complexes (T 414	
+ C+) across a range of trans-Delta levels and cis-Delta production rates (see Materials 415	
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and methods). Interestingly, as shown in Figure 5G for one parameter set, levels of 419	
activation were typically similar in different regimes of the cis-Delta and trans-Delta 420	
matrix. For example, medium cis-Delta + low trans-Delta and low cis-Delta + medium 421	
trans-Delta regimes (left middle and bottom middle, Figure 5G) showed higher but 422	
similar activation. In this model, the cell would thus be unable to distinguish between 423	
different combinations of cis and trans Delta based only on the total levels of activation. 424	
By contrast, the sensitivity of Notch activation to changes in cis-Delta exhibited a striking 425	
difference between these otherwise similar signaling regimes (Figure 5H). A more 426	
comprehensive analysis of sensitivity to 1.6-fold changes in cis-Delta showed that 427	
regimes of cis-Delta/trans-Delta with similar levels of Notch activation exhibited distinct 428	
sensitivities to changes in ligand expression level (Figure 5I). This analysis suggests 429	
that, in principle, a cell could individually estimate the levels of cis and trans ligand by 430	
comparing Notch activation levels before and after a change in cis-Delta expression. It 431	
will be interesting to see if such a dynamic mechanism is utilized naturally. 432	
 433	
Finally, we asked whether cis-activation, by establishing an elevated basal level of Notch 434	
activity, could expand the kinds of trans-signaling modes that are possible in the Notch 435	
system. Jagged1 has been shown to form inactive trans complexes with Notch receptors 436	
glycosylated by Lfng (Shimizu et al. 2001; Moloney et al. 2000; LeBon et al. 2014). To 437	
Figure 5-figure supplement 1 
Latin Hypercube Sampling generates evenly distributed parameters 
Scatter plots showing pairwise distributions of parameters tested in Models 1 and 2a-d. For 
clarity, each plot only shows 3000 parameter pairs, randomly subsampled from the 10,000 
total parameters sets analyzed. Orange dots are subsampled from parameters that produce 
non-monotonic C+ profiles in Model 2c, while the blue dots are subsampled from the complete 
set of analyzed parameters. Note the even distribution of parameters across sampled space in 
each plot. 	
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test the effects of such trans-inhibitory interactions in the context of cis-activation, we 438	
extended Model 2c by incorporating an inactive trans complex, T-, and analyzed the 439	
dependence of Notch activity on the concentration of trans ligand (Figure 5J, K, 440	
Materials and methods). Interestingly, at cis-Delta expression levels that produce peak 441	
cis-activation, the presence of an inhibitory trans-ligand led to strong, dose-dependent 442	
decreases in Notch activity across multiple parameter sets (Figure 5K). This effect 443	
results from trans-ligands effectively removing the pool of Notch receptors available to 444	
cis-activate. In this way, cis-activation could enable a ‘negative’ mode of intercellular 445	
Notch signaling, where exposure to unproductive or weak extracellular ligands reduces 446	
signal in the cell. This negative mode of Notch signaling would complement the standard 447	
activating mode in much the same way that repressors complement activators in gene 448	
regulation. 449	
 450	
Discussion 451	
Cis-activation is an example of autocrine signaling, which occurs in cytokine, Wnt, BMP, 452	
and other signaling pathways (Fang et al. 2013; Feinerman et al. 2010; Babb et al. 2017; 453	
Shukunami et al. 2000; Yokoyama et al. 2017). Typically, autocrine signaling occurs 454	
when molecules (e.g. hormones) released from a cell bind to and activate receptors on 455	
the cell from which they were synthesized (Leibiger et al. 2012). However, autocrine 456	
signaling can also occur from membrane anchored molecules located on the same cell. 457	
For example, cis-activation of cell adhesion molecules (CAMs) help induce neurite 458	
outgrowth during neuronal development (Sonderegger and Rathjen 1992).  459	
 460	
While autocrine signaling occurs in other pathways, it has only been minimally explored 461	
in the Notch pathway (Formosa-Jordan and Ibañes 2014b; Hsieh and Lo 2012). One 462	
reason for this may be that the previously characterized inhibitory cis-interactions could 463	
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appear to rule out cis-activation (Sprinzak et al. 2010; LeBon et al. 2014; Miller, Lyons, 464	
and Herman 2009). Additionally, it can be difficult to disentangle cis- and trans-activation 465	
in the context of a tissue or an in vitro system where cis-ligands and trans-ligands are 466	
simultaneously present (Eddison, Le Roux, and Lewis 2000; Hartman, Reh, and 467	
Bermingham-McDonogh 2010; Daudet and Lewis 2005; Sprinzak et al. 2010). To 468	
address these issues, we analyzed cis-activation in spatially isolated cells engineered 469	
with a Notch reporter system that allows tunable control of ligand expression. This assay 470	
demonstrated cis-activation of the receptors Notch1 and Notch2 by the ligands Dll1 and 471	
Dll4. We also detected cis-activation across multiple cell types using both engineered 472	
and endogenous Notch components, suggesting that cis-activation is a general 473	
phenomenon in Notch signaling. Strikingly, our study not only revealed that cis-activation 474	
can co-exist with trans-activation, but showed that cis-activation behaves similarly to 475	
trans-activation and, for Notch1, depends non-monotonically on ligand concentration 476	
(Figure 1E and Figure 2A,B). Together, these results strongly suggest that cis-activation 477	
is a core part of Notch signaling. 478	
 479	
With the establishment of cis-activation, we next asked what developmental role cis-480	
activation could play. Since Notch signaling promotes self-renewal and maintenance of 481	
stem cell fate in many systems (Imayoshi et al. 2010; Semerci et al. 2017), we chose to 482	
look at cis-activation in NSCs. We observed that survival of single isolated NSCs 483	
decreased significantly through inhibition of Notch signaling by DAPT treatment (Figure 484	
3C), indicating that cis-activation can control NSC survival. Thus, self-renewing cells can 485	
be self-reliant, providing their own Notch signaling. This finding could help to explain how 486	
isolated stem cells can regenerate a complex tissue, as occurs in Lgr5+ intestinal crypt 487	
organoids (Sato et al. 2009) and mammary gland regeneration (Stingl et al. 2006), both 488	
of which are Notch-dependent. 489	
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 490	
Further expanding the functional possibilities for cis-activation, our modeling results 491	
suggest ways that cis-activation could widen the capabilities of the Notch pathway using 492	
only existing components. First, we showed how cis-activation could enable a “negative” 493	
Notch signaling modality in the presence of trans-ligand. At cis-Delta expression levels 494	
that produce high cis-activation, the introduction of an inhibitory trans-ligand led to 495	
strong, dose-dependent decreases in Notch activity (Figure 5K). This type of negative 496	
regulation is complementary to the trans-inhibition mechanism shown by (Benedito et al. 497	
2009) where Notch1 activation by Dll4 was shown to be inhibited by the trans-ligand 498	
Jag1 during angiogenesis and in cell culture. Secondly, the model shows that using a 499	
combination of cis-activation, cis-inhibition, and trans-activation could in principle enable 500	
the cell to discriminate between the levels of its own (cis) ligands from those of its 501	
neighbors (trans) (Figure 5I). This property could be relevant for Notch-dependent fine-502	
grained pattern formation through lateral inhibition circuits, in which cells coordinate their 503	
own Notch component levels with those of their neighbors (Collier et al. 1996; Barad et 504	
al. 2010; Sprinzak et al. 2011; Formosa-Jordan and Ibañes 2014b). More generally, the 505	
combination of cis and trans signaling can produce interesting behaviors. For example, 506	
in epidermal growth factor receptor (EGFR) signaling, autocrine and juxtacrine signaling 507	
modes lead to different biological outcomes (Raab and Klagsbrun 1997; Singh, 508	
Sugimoto, and Harris 2007). Similarly, in yeast, rewiring of the mating pathway to create 509	
an autocrine signaling system revealed that qualitatively different behaviors ranging from 510	
quorum sensing to bimodality could be generated by tuning the relative strengths of cis 511	
and trans signaling  (Youk and Lim 2014). Looking forward, it will be interesting to see 512	
how Notch cis-activation and trans-inhibition mechanisms combine in natural 513	
developmental contexts.  514	
 515	
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Mechanistically, it remains puzzling how cis interactions could lead to both activation and 516	
inhibition in a ligand concentration-dependent fashion. Our study found that Notch ligand 517	
and receptor at the cell surface appears necessary both for productive cis-signaling and 518	
productive trans-signaling, and thus appears to be distinct from cis-interactions 519	
previously reported to occur within cellular endosomes (Coumailleau et al. 2009; 520	
Fürthauer and González-Gaitán 2009). Along with our observations that cis- and trans-521	
signaling also share a similar dependence on ligand-receptor affinity and ligand 522	
concentrations, these results suggest that cis-activating complexes may resemble their 523	
trans-activating counterparts. Structural studies have shown that ligand-receptor binding 524	
could occur in both parallel and anti-parallel orientations (Cordle et al. 2008; Luca et al. 525	
2015). It will therefore be interesting to see whether ligand-receptor complexes in 526	
different orientations can activate in a similar manner.  527	
 528	
Mathematical modeling enabled us to explore different ways in which cis-activation and 529	
cis-inhibition could coexist. Critically, the simplest models in which the composition of 530	
activating and inhibitory complexes are identical cannot reproduce the shift from cis-531	
activation to cis-inhibition (Figure 5A, Model 1). However, models in which the two 532	
complexes differ in their composition could more easily generate observed behaviors 533	
(Figure 5A, Model 2b-d)). These results suggest that cis-activation and cis-inhibition may 534	
involve the formation of distinct types of complexes. For example, one possibility is that 535	
cis-inhibition may involve the formation of larger ligand-receptor clusters than those 536	
involved in cis-activation.  537	
 538	
The establishment of cis-activation as a prominent mode of signaling by the Notch 539	
pathway adds to our knowledge of how cells use Notch to communicate with itself and 540	
its neighbors, and suggests new ways in which cells can integrate different types of 541	
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Notch signals. A more complete analysis of the cis- and trans- interactions among all 542	
ligand-receptor pairs, and for different levels of Fringe expression, could help to develop 543	
a more predictive understanding of how cells with distinct component combinations 544	
would be expected to activate both in cis and trans, thereby explaining how they use 545	
Notch to regulate their activities and those of their neighbors.  546	
 547	
Video Legends 548	
Video 1 549	
Cis-activation of isolated engineered CHO-K1 cells 550	
Examples of isolated CHO-K1 N1D1+Rfng cells activating prior to cell division in the cis-551	
activation assay. (Top row) Blue channel shows fluorescence of the constitutively 552	
expressed nuclear H2B-Cerulean protein. (Bottom row) Green channel shows 553	
fluorescence of the Notch-activated H2B-Citrine reporter protein (also nuclear). The 554	
same intensity scales have been applied to each frame of the movie and for all cells. 555	
Interval between individual frames of the movie is 30 min. Not seen in the movie are 556	
non-fluorescent CHO-K1 cells, which surround each isolated fluorescent cell.  557	
 558	
Video 2 559	
Cis-activation of isolated engineered NMuMG cells 560	
Examples of isolated NMuMG N1D1+Rfng cells activating prior to cell division in the cis-561	
activation assay. (Top row) Blue channel shows fluorescence of the constitutively 562	
expressed nuclear H2B-Cerulean protein. (Bottom row) Green channel shows 563	
fluorescence of the Notch-activated H2B-Citrine reporter protein (also nuclear). The 564	
fluorescence image is overlaid on the DIC image (grey), in which surrounding non-565	
fluorescent NMuMG cells can be seen. The same intensity scales have been applied to 566	
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each frame of the movie and for all cells. Interval between individual frames of the movie 567	
is 30 min. 568	
 569	
Source Data Legends 570	
Figure 5 – source data 1 571	
Modeling code and data used in Figure 5. Instructions are provided in the included 572	
README file.  573	
 574	
Materials and methods 575	
Plasmids 576	
The majority of constructs used in this study have been previously described (Sprinzak 577	
et al. 2010). Briefly, the reporter for wild-type Notch activation was constructed from the 578	
12xCSL plasmid (kind gift from U. Lendahl , Hansson et al. 2006), while the UAS 579	
reporter for Notch1ECD-Gal4 receptor activation was a kind gift from S. Fraser (de Celis, 580	
Bray, and Garcia-Bellido 1997). The construct containing the full-length human wild-type 581	
Notch1 sequence was a kind gift from J. Aster (de Celis and Bray 1997). The 582	
Notch1ECD-Gal4 plasmid was generated by replacing the Notch1ICD with amino acids 583	
1–147 and 768–881 of the yeast Gal4.  This construct was further modified by 584	
incorporating the sequence of the ankyrin (ANK) domain from Notch1ICD (amino acids 585	
1872-2144) 3’ to the Gal4 sequence for use in the construction of the NMuMG cell 586	
lines.  Design of the Notch2ECD-Gal4 plasmid was done in a manner similar to that of 587	
the Notch1ECD-Gal4 plasmid, but with incorporation of the expression cassette into a 588	
PiggyBac vector (System Biosciences, Palo Alto, CA) for efficient transfer to the cellular 589	
genome (Note: Notch1ECD-Gal4 was also incorporated into a PiggyBac vector when 590	
used in side-by-side comparisons with Notch2).  The Notch ligand containing plasmids 591	
were based on the Tet-inducible system (Thermo Fisher Scientific, Waltham, MA). For 592	
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the wild-type Notch1 cell line, we constructed a plasmid containing an inducible rat Dll1 593	
coding sequence fused to the mCherry protein sequence.  All other ligand plasmids were 594	
constructed containing an inducible human Dll1 or Dll4 coding sequence fused to a viral 595	
2A sequence that allows for co-translation of a downstream H2B-mCherry protein 596	
sequence.  In the NMuMG cells and in the CHO cell populations, the ligand plasmids 597	
were constructed within a PiggyBac vector. The Radical Fringe (Rfng) constructs used 598	
were based on those described by Lebon et. al. (LeBon et al. 2014).  For use in CHO-K1 599	
cells, Rfng was cloned into a pLenti expression construct from the ViraPower Lentiviral 600	
Expression System (Thermo Fisher Scientific), modified with a CMV promoter and a 601	
puromycin resistance gene.  For use with the NMuMG cells, Rfng was cloned into an 602	
insulated UAS reporter construct (UAS surrounded by 2 copies of the 2xHS4 insulating 603	
element) by adding a separate cassette containing the sequence for the blastomycin 604	
resistance gene followed by a viral 2A sequence connected to the sequence for the 605	
rTetR gene fused to a HDAC4-2A-Rfng sequence.  rTetR-HDAC4 (rTetS) was used to 606	
suppress constitutive Notch ligand expression in the NMuMG cells with the addition of 607	
Doxycycline to the cell media.  The pCS-H2B-Cerulean plasmid was described in 608	
(Sprinzak et al. 2010).  All cloning was done using standard molecular biology cloning 609	
techniques.    610	
 611	
Cell culture and transfections 612	
CHO-K1: T-REx CHO-K1 cells from Thermo Fisher Scientific were cultured as described 613	
previously (Sprinzak et al. 2010; LeBon et al. 2014). Transfection of CHO-K1 cells was 614	
performed in 24-well plates with 800-1000 ng of DNA using the Lipofectamine LTX 615	
plasmid transfection reagent (ThermoFisher Scientific).  24 hours post-transfection, cells 616	
were split into new 6-well plates and cultured for 1-2 weeks in media containing 400 617	
ug/ml Zeocin, 600 ug/ml Geneticin, 300 ug/ml Hygromycin, 10 ug/ml Blasticidin, or 3 618	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 43	
ug/ml Puromycin as appropriate, and surviving transfected cells were either used as 619	
clonal populations or subcloned by limiting dilution.  620	
NMuMG: NMuMG cells (ATCC, Manassas, VA) were cultured using the manufacturer’s 621	
recommended culturing protocol with the addition of 1 mM Sodium Pyruvate and 622	
100 U ml-1 penicillin, 100 µg ml-1 streptomycin (Thermo Fisher Scientific) to the 623	
media.  Transfection, selection and clonal isolation of NMuMG cells was performed 624	
similarly to CHO-K1 cells.  Caco-2:  Caco-2 C2BBe1 cells from ATCC were cultured in 625	
Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) supplemented 626	
with 10% Tet-System Approved Fetal Bovine Serum (Takara Bio USA Inc., Mountain 627	
View, CA), 2 mM L-Glutamine,  100 U ml-1 penicillin, 100 µg ml-1 streptomycin, 1 mM 628	
sodium pyruvate, and 1X MEM Non-Essential Amino Acids Solution (Thermo Fisher 629	
Scientific).  Transfections were performed by following the Thermo Fisher Lipofectamine 630	
LTX protocol optimized for Caco-2 cells.  24 hours after transfection, Caco-2 cell 631	
populations were plated for experiments.  632	
Neural Stem Cells:  Neural stem cells derived from the E14.5 mouse cortex were 633	
purchased from EMD Millipore (Burlington, MA, Catalog No. SCR029) and cultured 634	
according to the manufacturer’s protocols. Briefly, tissue-culture surfaces were coated 635	
overnight with poly-L-ornithine (10 ug/ml, Sigma Aldrich Catalog No. P3655) and 636	
Laminin (Sigma Aldrich Catalog No. L2020). For standard culture, cells were then plated 637	
in Neurobasal medium (EMD Millipore, Catalog No. SCM033) in the presence of 20 638	
ng/ml recombinant FGF (EMD Millipore Catalog No. GF003), 20 ng/ml EGF (Millipore 639	
Catalog No. GF001), and Heparin (Sigma Catalog No. H3149). Cells were passaged 640	
using ESGRO Complete Accutase (Millipore Catalog No. SF006), cryo-preserved in 641	
medium + 10% DMSO, and typically used for experiments within six passages.  642	
 643	
Lentiviral production and infection 644	
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Lentivirus was produced using the ViraPower Lentiviral Expression System (Thermo 645	
Fisher Scientific). Briefly, 293FT producer cells were transfected with our pLenti 646	
expression construct along with the packaging plasmid mix. 48 hours post-transfection, 647	
virus containing cell media was collected, centrifuged to remove cell debris and filtered 648	
through a 0.45 um filter (EMD Millipore).  Viral supernatant was added 1:2 to sparsely 649	
plated CHO-K1 cells in a total volume of 400 ul media in a 24-well plate and incubated at 650	
37oC, 5% CO2.  24 hours post-infection, virus-containing media was removed, and cells 651	
were plated under limiting dilution conditions in 96-well plates for clonal selection. 652	
Expression of the integrated gene was checked by qRT-PCR analysis.        653	
 654	
CRISPR-Cas9 knock-out of endogenous NMuMG Notch2 and Jagged1  655	
Endogenous Notch2 and Jagged1 genes were knocked out in NMuMG cells using the 656	
CRISPR-Cas9 plasmid system developed by the Zhang Lab at MIT (Cong et al. 657	
2013).  Cloning was done according to the published protocol using the pX330 plasmid 658	
and inserting a guide sequence using the following oligos for targeting mouse Notch2 or 659	
Jagged1: 660	
 661	
Notch2 662	
mN2 C2 OligoF:  5’-CACCGGGTGGTACTTGTGTGCCGCA-3’ 663	
mN2 C2 OligoR:  5’-AAACTGCGGCACACAAGTACCACCC-3’ 664	
Jagged1 665	
mJ1 C1 OligoF:  5’-CACCGCGGGTGCACTTGCGGTCGCC-3’ 666	
mJ1 C1 OligoR:  5’-AAACGGCGACCGCAAGTGCACCCGC-3’ 667	
 668	
The guide sequence modified pX330 plasmids were transfected into NMuMG cells using 669	
the standard Lipofectamine LTX protocol (Thermo Fisher Scientific).  48 hours post-670	
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transfection, genomic DNA was harvested from the cell population, and guide sequence 671	
function was analyzed using the SURVEYOR Mutation Detection Kit (Integrated DNA 672	
Technologies Inc., Skokie, IL).  After genomic knock-out mutation was verified, 673	
transfected cells were placed under clonal selection using limiting dilution. Genomic 674	
DNA was isolated from clones and used to PCR amplify targeted sequences using the 675	
following primers (Integrated DNA Technologies Inc.):   676	
 677	
Notch2  678	
mN2 C2F:  5’-GTCACCCGTCTGGTATTTTGTTAC-3’                               679	
mN2 C2R:  5’-GAGCTGCTGTGATCGAAGTG-3’     680	
Jagged1 681	
mJ1 C1F:  5’-CCAAAGCCTCTCAACTTAGTGC-3’                      682	
mJ1 C1R:  5’-CTTAGTTTTCCCGCACTTGTGTTT-3’       683	
 684	
PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, 685	
Germany) and sent for sequencing (Laragen Inc., Culver City, CA) to determine clones 686	
that contained gene knock-out mutations. Gene knock-out was also verified by staining 687	
mutated cells with antibodies against Notch2 and Jagged1 (anti-mouse Notch2-PE and 688	
anti-mouse Jagged1-PE, BioLegend, San Diego, CA) in order to determine their levels of 689	
surface expression. Cells were analyzed by flow cytometry (see flow cytometry section 690	
below). 691	
 692	
Availability assay for Notch1ECD-Gal4 or Notch1ECD-Gal4-ANK in NMuMG cells  693	
Surface staining of either Notch1ECD-Gal4 or Notch1ECD-Gal4-ANK was performed 694	
using the availability assay as described previously (LeBon et al. 2014). Briefly, cells 695	
were washed in phosphate buffered saline (PBS) and blocked in a PBS solution 696	
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containing 2% BSA and 100 ug/ml CaCl2 while rocking for 40 minutes at room 697	
temperature. After blocking, cells were rocked in a PBS solution containing  2% FBS, 698	
100 ug/ml CaCl2, and 10 ug/ml of recombinant mouse Dll1-Fc (rmDll1-Fc) for 1 hour at 699	
room temperature. The recombinant Dll1 protein can bind to the available (free) Notch 700	
receptors at the cellular surface. After the 1 hour incubation, cells were washed 3x with 701	
PBS and incubated with a secondary antibody conjugated to an Alexa Fluor 488 702	
dye.  Cells were rocked at room temperature for 1 hour, washed 3x with PBS, and Notch 703	
localization on the cell surface was imaged on an EVOS FL Auto Cell Imaging system 704	
(Thermo Fisher Scientific).  705	
 706	
qRT-PCR 707	
Expression of Radical Fringe (Rfng) in clones was determined by quantitative RT-708	
PCR.  RNA was isolated from clonal cells using the RNeasy Mini Kit (Qiagen) following 709	
the manufacturer’s protocol.  200-500 ng RNA was used to make cDNA using the iScript 710	
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA).  2 ul of cDNA was used in the 711	
qPCR reaction along with SsoAdvanced Universal Probes Supermix (Bio-Rad 712	
Laboratories)  and primers/probes (Integrated DNA Technologies Inc.) as follows: 713	
 714	
Rfng 715	
Probe:  5'-6-FAM/ZEN/3' IB®FQ-CTCGTGAGATCCAGGTACGCAGC-3’ 716	
Primer 1:  5'-TCATTGCAGTCAAGACCACTC-3’ 717	
Primer 2:  5'-CGGTGAAAATGAACGTCTGC-3’ 718	
 719	
b-Actin (Housekeeping Gene for CHO-K1 cells) 720	
Probe:  5'-HEX /ZEN/ 3' IB®FQ-ACCACACCTTCTACAACGAGCTGC-3’ 721	
Primer1:  5'-ACTGGGACGATATGGAGAAG-3’ 722	
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Primer2:  5'-GGTCATCTTTTCACGGTTGG-3’ 723	
 724	
GAPDH (Housekeeping Gene for NMuMG cells) 725	
Probe:  5'-HEX /ZEN/ 3' IB®FQ-AGGAGCGAGACCCCACTAACATCA-3’  726	
Primer1:  5'-CTCCACGACATACTCAGCAC-3’ 727	
Primer2:  5'-CCACTCACGGCAAATTCAAC-3’ 728	
 729	
Samples were run in triplicate on a CFX96 Touch Real-Time PCR Detection System 730	
(Bio-Rad Laboratories), and relative gene expression levels were calculated using the 731	
standard delta-delta Cq method.  732	
 733	
Plate-bound Dll1 734	
Coating of tissue culture plates with recombinant human Dll1ext-Fc fusion proteins (kind 735	
gift from I. Bernstein) was done as previously reported (Nandagopal et al. 2018). 736	
Briefly,  Dll1ext-Fc proteins were diluted to 2.5 ug/ml in 1xPBS (Thermo Fisher Scientific), 737	
and the solution was used to coat the tissue-culture surface for 1 hour at room 738	
temperature with rocking. Post-incubation, the solution was removed and cells were 739	
plated for the experiment. 740	
 741	
RNA sequencing of NSCs 742	
NSCs were cultured for 12h in high (20 ng/ml EGF, 20 ng/ml FGF) or low (0.5 ng/ml 743	
EGF) growth factor with or without 10 µM DAPT. RNA was extracted using the RNeasy 744	
kit (QIAGEN) and submitted to the Caltech sequencing core facility, where cDNA 745	
libraries for RNaseq were prepared according to standard Illumina protocols. 50 base 746	
single-end read (50SR) sequencing was performed on a HiSeq2500 machine at the 747	
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same facility. Reads were assembled, aligned, and mapped to the mouse genome 748	
(mm10 assembly) on the Galaxy server, using RNA Star. Cufflinks was used to calculate 749	
FPKM values. Raw and processed sequencing data is available in GEO (Accession 750	
GSE113937). 751	
 752	
Single molecule HCR-FISH detection of Notch targets in NSCs 753	
Experimental Protocols: NSCs, cultured in standard high growth factor containing media 754	
(see cell culture and transfections section above), were plated on 10 ug/ml poly-L-755	
ornithine and 50 ug/ml Laminin-coated glass plates, at a surface density of ~4 cells/mm2. 756	
At the time of plating, cells were transferred to low growth factor conditions (0.1 ng/ml 757	
EGF, 5 ug/ml Heparin, no FGF), with or without 10 µM DAPT. 6 hours post plating, cells 758	
were fixed using 4% formaldehyde. Prescribed protocols were followed for hybridizing 759	
DNA probes to targets genes (Hes1, Hey1, and Hes5) and amplifying bound probes 760	
(Choi et al. 2018). Briefly, fixed cells were incubated overnight at 37oC with 10 pairs of 761	
probes per gene diluted in 30% formamide-containing buffer. Subsequently, probes were 762	
removed and cells were washed at 37oC. Then, DNA amplifiers, designed to detect 763	
bound probes and coupled to one of three Alexa Fluor dyes (488, 546, or 647), were 764	
added to the sample, and amplification allowed to proceed at room temperature for ~50 765	
min. Samples were then washed in high salt solution (5x SSC with Tween), and stained 766	
with DAPI, prior to imaging.  767	
Imaging: Samples were imaged at 60x (1.3 NA, oil) on an inverted epi-fluorescence 768	
microscope (Nikon Ti: Nikon Instruments Inc., Melville, NY) equipped with an LED 769	
lightsource (Lumencor, Beaverton, OR) and hardware autofocus. Fields of view that 770	
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contained between 1-3 well-separated cells were picked manually and Z-stacks were 771	
acquired over 16 µm at each position.  772	
Analysis: Custom MATLAB (2015a, Mathworks) software was used to semi-773	
automatically segment cells based on autofluorescence in the 488 channel. mRNA 774	
transcripts typically appeared as 3-5 voxel-wide high-intensity dots in the images. 775	
Previously used MATLAB software for detecting dots (Frieda et al. 2017) was adapted to 776	
automatically detect dots in images based on user-defined thresholds. For direct 777	
comparison, the same thresholds were applied to data from DAPT-treated and untreated 778	
samples.  779	
 780	
Cis-activation and relative density assays  781	
CHO-K1 engineered cell lines were pre-incubated with 1uM of the gamma-secretase 782	
inhibitor DAPT (Sigma-Aldrich, St. Louis, MO) and various concentrations of the 783	
tetracycline analog, 4-epiTetracycline (4-epiTc, Sigma-Aldrich) 48 hours prior to the 784	
setup of assays.  For the cis-activation assay, cells were washed to remove DAPT, 785	
counted, and plated sparsely at 5K cells per 24-well plate, surrounded by 150K wild-type 786	
CHO-K1 cells.  4-epiTc was added back into the media (0, 20, 35, 50, 80, or 200 ng/ml)  787	
and the cells were either incubated at  37oC, 5% CO2 for <24 hours before analysis by 788	
flow cytometry or imaged using time-lapse microscopy. For the ‘control’ cis-activation 789	
assay, 4K 4-epiTc pre-induced N1D1+Rfng cells were plated along with 4K N1 receiver 790	
cells (no ligand present), and 750K CHO-K1 cells per 6-well plate. Cells were analyzed 791	
for activation by flow cytometry as previously mentioned. Relative density assays were 792	
performed using the same setup conditions as the cis-activation assay, but with varying 793	
ratios of engineered:wild-type cells plated.  Keeping total cell numbers at 150K cells per 794	
24-well plate, either 5K, 10K, 25K, 50K, 75K or 100K engineered cells were plated along 795	
with wild-type CHO-K1 cells.   For the cis-activation and relative density assays using 796	
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Blebbistatin treated cells, assay setup was done exactly as mentioned above but with 797	
the addition of 10 uM (±)-Blebbistatin (Sigma-Aldrich) added to the cell media at the time 798	
of plating. 799	
 800	
For NMuMG cells, cis-activation and density assays were performed just like those with 801	
CHO-K1 cells.  However, cells were pre-incubated in 10 uM DAPT with or without the 802	
addition of 1 ug/ml or 10 ug/ml Doxycycline (Takara Bio USA Inc.) for 3 days in order to 803	
decrease ligand expression levels prior to assay setup. Cells were plated with or without 804	
Dox, with the addition of 100 ng/ml Dexamethasone (Sigma-Aldrich) for each assay.       805	
 806	
Caco-2 cells were pre-incubated with 100 uM DAPT for 1 day prior to transfection.  24 807	
hours post-12xCSL reporter transfection, the cells were washed, counted and plated 808	
sparsely at 3.5K cells in a 24-well plate for the cis-activation assay or 7-fold more dense 809	
at 3.5K cells in a 96-well plate for a density assay with or without the addition of 810	
DAPT.  <24 hours after plating, cells were analyzed by FLOW cytometry. 811	
 812	
Cis-activation assay in suspension 813	
For performing the cis-activation assay with cells in suspension, 24-well 10mm diameter 814	
glass No. 1.5 coverslip plates (MatTek Corp., Ashland, MA) were coated with the 815	
siliconizing reagent Sigmacote (Sigma) to prevent cells from adhering to the plate 816	
surface.  Cells were plated as mentioned previously and placed on a rocker at 37oC, 5% 817	
CO2 overnight before analysis by flow cytometry. 818	
 819	
Notch receptor/ligand blocking assay 820	
Engineered CHO-K1 cells were pre-incubated in 1 uM DAPT, with and without the 821	
addition of 4-epiTc, for 2 days prior to the start of the assay.  Cells were then incubated 822	
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with either 10 ug/ml mouse IgG2A control protein or 10 ug/ml mouse Notch1 Fc chimera 823	
protein (R&D Systems, Minneapolis, MN) along with DAPT and 4-epiTc overnight at 824	
37oC, 5% CO2.  The next day, cells were washed, counted, and plated at 5K cells per 24-825	
well plate along with 150K wild-type CHO-K1 cells for a cis-activation assay, or at 150K 826	
cells per 24-well plate for a relative density assay with the addition of 4-epiTc.  Cells 827	
grown similarly, but in the absence of 4-epiTc, were used as a control. <24 hours post-828	
plating, cells were analyzed by flow cytometry.  829	
 830	
NSC survival assay  831	
Experimental Protocols: NSCs, cultured in standard high growth factor containing media 832	
(see cell culture and transfections section above), were plated on 10 ug/ml poly-L-833	
ornithine and 5 ug/ml Laminin-coated plastic surfaces (12-well TC-treated plates, 834	
Corning Inc.) at a surface density of ~20 cells/mm2. At the time of plating, cells were 835	
transferred to low growth factor conditions (0.1 ng/ml EGF, 5 ug/ml Heparin, no FGF), 836	
with or without 10 µM DAPT. 12 hours post plating, cells were fixed using 4% 837	
formaldehyde. Samples were then stained with DAPI prior to imaging.  838	
Imaging: Samples were imaged at 20x (0.75 NA, air) in an inverted epi-fluorescence 839	
microscope (Olympus IX81) equipped with an LED lightsource (XCite LED) and 840	
hardware ZCD2 autofocus. 484 600 µm x 600 µm fields of view were acquired from 841	
across the well for each sample.  842	
Analysis: Custom MATLAB (2015a, Mathworks) software was used to automatically 843	
segment nuclei based on DAPI staining. The number of nuclei were then counted for 844	
each of the different samples.  845	
 846	
NSC differentiation assay  847	
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Experimental Protocols: NSCs, cultured in standard high growth factor containing media 848	
(see cell culture and transfections section above), were plated on 10 ug/ml poly-L-849	
ornithine and 5 ug/ml Laminin-coated plastic surfaces (6-well TC-treated plates, Corning 850	
Inc.) at a surface density of ~20 cells/mm2. At the time of plating, cells were transferred 851	
to differentiation conditions (1% FBS + 1% N2 supplement + 2% B27 supplement + 1 852	
mM GlutaMax supplements; supplements purchased from Thermo Fisher), with or 853	
without 10 µM DAPT. 24 hours post plating, cells were fixed using 4% formaldehyde. 854	
Samples were blocked in 2% BSA solution + 0.3% Triton-X,  then incubated overnight at 855	
4oC with 1:500 mouse anti-GFAP (GA5, Catalog #3760, Cell Signaling Technology, 856	
Danver, MA) and 1:1000 rabbit anti-β-III-Tubulin (Catalog No. ab18207, Abcam, 857	
Cambridge). Cells were subsequently washed and incubated with DAPI and anti-mouse 858	
or -rabbit 1:1000 secondary antibodies conjugated to AlexFluor 488 and 594, 859	
respectively, in blocking solution for 1 hour at room temperature, before imaging. 860	
Imaging: Samples were imaged at 20x (0.75 NA, air) in an inverted epi-fluorescence 861	
microscope (Olympus IX81) equipped with an LED lightsource (XCite LED) and 862	
hardware ZDC2 autofocus. Analysis: Custom MATLAB (2015a, Mathworks) software 863	
was used to automatically segment cells based on DAPI staining and fluorescence in the 864	
594 (β-III-Tubulin) channel, which shows detectable cell-wide staining in all cells. Total 865	
fluorescence in the 488 and 594 channels were calculated in each cell segment.  866	
 867	
Time-lapse setup, image acquisition and analysis 868	
Experimental setup: For imaging, CHO-K1 cells were plated in 24-well 10mm diameter 869	
glass No. 1.5 coverslip plates (MatTek Corp.) coated with 5 ug/ml hamster Fibronectin 870	
(Oxford Biomedical Research, Rochester Hills, MI) in complete cell media. NMuMG cells 871	
were plated in 24-well tissue culture treated ultrathin glass film bottom plates 872	
(Eppendorf, Hamburg, Germany) in complete cell media.  873	
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Acquisition: Movies were acquired at 20X (0.75 NA) on an Olympus IX81 inverted 874	
epifluorescence microscope (Olympus, Tokyo, Japan) equipped with hardware 875	
autofocus (ZDC2), an iKon-M CCD camera (Andor, Concord, MA) and an environmental 876	
chamber maintaining cells at 37oC, 5% CO2  with humidity throughout the length of the 877	
movie.  Automated acquisition software (Metamorph, Molecular Devices, San Jose, CA) 878	
was used to acquire images every 30 min in multiple channels (YFP, RFP, CFP) or 879	
differential interference contrast (DIC), from multiple stage positions. 880	
Analysis: Custom MATLAB code (2013a, MathWorks) was used to segment cell nuclei in 881	
images based on constitutive Cerulean fluorescence. Briefly, the segmentation 882	
procedure uses built-in edge detection MATLAB functions and adaptive thresholds to 883	
detect nuclear segments. Nuclear segments were then matched in pairs of images 884	
corresponding to consecutive time frames, and thus tracked through the duration of the 885	
movie. Single-cell tracks were subsequently curated manually to correct for errors in 886	
segmentation/tracking. Fluorescence data was extracted from nuclear segments by 887	
calculating the integrated fluorescence within the segment and subtracting a background 888	
fluorescence level estimated from the local neighborhood of the segment. This 889	
fluorescence was linearly interpolated across time frames where nuclei could not be 890	
segmented automatically. Division events were detected automatically, and fluorescence 891	
traces were corrected for cell division by adding back fluorescence lost to sister cells. 892	
The resulting ‘continuized’ traces were smoothed and the difference in fluorescence 893	
between consecutive time frames was calculated. A smoothed version of this difference 894	
was used as an estimate of production rate of the fluorescent protein. 895	
 896	
Flow cytometry analysis 897	
For analysis of cells by flow cytometry, cells were trypsinized in 0.25% Trypsin-EDTA 898	
(Thermo Fisher Scientific) and resuspend in 1x Hanks Balanced Salt Solution (Thermo 899	
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Fisher Scientific) supplemented with 2.5 mg/ml Bovine Serum Albumin (Sigma-900	
Aldrich).  Resuspended cells were filtered using 40 um cell strainers (Corning Inc., 901	
Corning, NY) into U-bottom 96-well tissue-culture treated plates.  Cells were analyzed on 902	
a MACSQuant VYB Flow Cytometer (Miltenyi Biotech, Bergisch Gladbach, Germany) 903	
located at the Caltech Flow Cytometry Facility (Caltech, Pasadena, CA).  Data was 904	
analyzed in MATLAB using custom software (EasyFlow) (Antebi et al. 2017), and 905	
forward and side-scatter profiles were used to gate on the proper cell 906	
populations.  Fluorescence intensity of single-cells was measured for each appropriate 907	
channel.                 908	
 909	
Mathematical models – see also Figure 5 – source data 1 910	
Models: The models analyzed here attempt to recapitulate the behavior of the system at 911	
steady state. Components of the system include free Notch receptor (N) and free Delta 912	
ligand (D) and, depending on the model, cis- and trans complexes (C+/C-, and T, 913	
respectively) between ligands and receptors. In all models, N and D are produced at a 914	
rate of αN and αD, and degraded at the rate of γN and γD, respectively.  915	 	916	
I) Model 0. This model assumes that N and D interact at a rate k+ to produce a single 917	
type of cis-complex, C+, which dissociates at a rate k-, and is degraded at a rate γC+. 918	
That is,  919	 	920	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐷𝑑𝑡 = 𝛼! − 𝛾!𝐷 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶!		921	 	922	
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II) Model 1. This model assumes that N and D can interact to produce two distinct cis-923	
complexes, active C+ and inactive C-. These complexes are formed through similar 924	
second-order interactions between N and D, occurring with different rate coefficients. 925	
They similarly dissociate and degrade at different rates, and cannot interconvert.  926	 	927	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! −  𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐷𝑑𝑡 = 𝛼! − 𝛾!𝐷 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! −  𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶!		928	
III) Models 2a-d. These models also assume that N and D can interact to produce two 929	
distinct cis-complexes, C+ and C-. However, in these models, C- requires C+ for its 930	
formation (a-c) or the stoichiometry of inactive C- formation is higher than that of C+ (d).  931	
	932	
a) 𝑵+𝑫 ↔ 𝑪!, 𝑵+𝑫+ 𝑪!  ↔ 𝑪!	933	
	934	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! −  𝑘!!! 𝑁𝐷𝐶! + 𝑘!!! 𝐶! 𝑑𝐷𝑑𝑡 = 𝛼! − 𝛾!𝐷 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! −  𝑘!!! 𝑁𝐷𝐶! + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶! −  𝑘!!! 𝑁𝐷𝐶! + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷𝐶! − 𝑘!!! 𝐶!		935	
b) 𝑵+𝑫 ↔ 𝑪!, 𝑪! + 𝑪!  ↔ 𝑪!	936	
	937	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐷𝑑𝑡 = 𝛼! − 𝛾!𝐷 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶! −  𝑘!!! (𝐶!)! + 2𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! (𝐶!)! − 𝑘!!! 𝐶!		938	
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c) 𝑵+𝑫 ↔ 𝑪!, 𝑫+ 𝑪!  ↔ 𝑪!	939	
	940	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! 𝑑𝐷𝑑𝑡 = 𝛼! − 𝛾!𝐷 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! −  𝑘!!! 𝐷𝐶! + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶! −  𝑘!!! 𝐷𝐶! + 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝐷𝐶! − 𝑘!!! 𝐶!		941	
a) 𝑵+𝑫 ↔ 𝑪!, 𝟐𝑵+ 𝟐𝑫 ↔ 𝑪!	942	
	943	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! − 𝑘!!! 𝑁!𝐷! + 2𝑘!!! 𝐶! 𝑑𝐷𝑑𝑡 = 𝛼! − 𝛾!𝐷 − 𝑘!!! 𝑁𝐷 + 𝑘!!! 𝐶! − 𝑘!!! 𝑁!𝐷! + 2𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷 − 𝑘!!! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁!𝐷! − 𝑘!!! 𝐶!		944	 	945	
IV) Model 2c + trans-interactions: To model the effect of trans-interactions in the 946	
context of model 2c, it was assumed that the trans-complex T is formed through 947	
interactions between N and trans Delta (Dtrans, assumed to be constant). The rate 948	
coefficients of its formation, dissociation, and degradation are assumed to be the same 949	
as that of C+.  950	
	951	 𝑵+𝑫𝒄𝒊𝒔  ↔ 𝑪!,  𝑫𝒄𝒊𝒔 + 𝑪!  ↔ 𝑪!,   𝑵+𝑫𝒕𝒓𝒂𝒏𝒔  ↔ 𝑻	
	952	 𝑑𝑁𝑑𝑡 = 𝛼! − 𝛾!𝑁 − 𝑘!!! 𝑁𝐷!"# + 𝑘!!! 𝐶! − 𝑘!!! 𝑁𝐷!"#$% + 𝑘!!! 𝑇 𝑑𝐷!"#𝑑𝑡 = 𝛼! − 𝛾!𝐷!"# − 𝑘!!! 𝑁𝐷!"# + 𝑘!!! 𝐶! −  𝑘!!! 𝐷!"#𝐶! + 𝑘!—! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝑁𝐷!"# − 𝑘!!! 𝐶! −  𝑘!!! 𝐷!"#𝐶! + 𝑘!—! 𝐶! 𝑑𝐶!𝑑𝑡 = −𝛾!!𝐶! + 𝑘!!! 𝐷!"#𝐶! − 𝑘!—! 𝐶! 𝑑𝑇𝑑𝑡 = −𝛾!!𝑇 + 𝑘!!! 𝑁𝐷!"#$% − 𝑘!!! 𝑇		953	
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	954	
Parameter scan, numerical simulations, and analyses:  Model 0 contains 6 955	
parameters ( 𝛼! , 𝛾! , 𝛾! , 𝛾!!, 𝑘!!!  , 𝑘!!! ) , while Models 1 and 2 contain 3 additional 956	
parameters (𝛾!!, 𝑘!!!  , 𝑘!!! ). Using the built-in lhsdesign function in MATLAB (2015a, 957	
Mathworks), the Latin Hypercube Sampling algorithm was applied to pick 10,000 958	
parameters, each in the range 10-2 to 102. For each parameter set, the model was 959	
simulated for each of 10 values of 𝛼!, logarithmically spanning a 100-fold range around 960	
the sampled value of 𝛼!. The fsolve function, with initial conditions [!!!! , !!!! , 1, 1] for N, D, 961	
C+, C-, respectively, was used to numerically approximate the steady state solution for 962	
each parameter set.  963	
 964	
For each solution, the following features of the 𝛼! vs. C+ profile were calculated: the 965	
relative value of 𝛼! at which C+ was maximum (‘C-max’), and the fractional increases in 966	
C-max relative to its value at the lowest and highest values of 𝛼!. Parameters that 967	
produced C+ profiles that peaked between the 1st and 8th value of 𝛼! were deemed to be 968	
non-monotonic. 969	
 970	
For the trans-interaction model, first the values of Dcis obtained at Dtrans = 0 were 971	
calculated for each parameter set. For subsequent simulations, the values of Dtrans were 972	
chosen to be the same as that of these Dcis values, i.e., Dcis produced in the absence of 973	
trans-ligand.  974	
 975	
Statistics 976	
No statistical method was used to determine sample sizes. The sample sizes used were 977	
based on general standards accepted by the field. The number of replicates used for 978	
each experimental analysis is listed in the figure legends.  All replicates are biological 979	
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replicates, corresponding to measurements performed on distinct biological samples, as 980	
opposed to performing the same tests multiple times on a single sample (technical 981	
replicates).  P-values for Figure 1 and 3 were calculated using the two-sided KS-test. All 982	
pairwise comparisons between samples fulfilled the criterion n1*n2/(n1 + n2) ≥ 4, where 983	
n1 and n2 represent the number of data points in two samples. Under this condition, the 984	
KS-statistic is greater than twice the inverse of the Kolmogorov statistic, and the 985	
calculated P-value is accurate. The non-parametric nature of the KS-test obviates the 986	
need to make assumptions regarding the shape of the distributions being compared. P-987	
values for Caco-2 cell measurements (Figure 1-figure supplement 4) and CHO cell 988	
surface binding assay measurements (Figure 4) were calculated using the one-sided 989	
Student T-test, which assumes that random error in the measurement follows a normal 990	
(Gaussian) distribution. 991	
 992	
Acknowledgements 993	
This work was supported by Howard Hughes Medical Institute (M.B.E.), the Defense 994	
Advanced Research Projects Agency under Contract No. HR0011-16-0138, the National 995	
Institutes of Health grant R01 HD075335 and the NSF under grant EFRI 1137269. N.N 996	
was a Howard Hughes Medical Institute International Student Research fellow. We thank 997	
Pulin Li, Mark Budde, Heidi Klumpe, Ronghui Zhu, Rachael Kuintzle, Laurent Potvin-998	
Trottier and James Linton for critical feedback on the manuscript.	Harry Choi and Colby 999	
Calvert, Caltech Flow Cytometry Facility, Caltech Biological Imaging Facility, and the 1000	
Millard and Muriel Jacobs Genetics and Genomics Laboratory at Caltech provided 1001	
essential technical assistance. 1002	
 1003	
References 1004	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 59	
Aguirre, Adan, Maria E. Rubio, and Vittorio Gallo. 2010. “Notch and EGFR Pathway 1005	
Interaction Regulates Neural Stem Cell Number and Self-Renewal.” Nature 467 1006	
(7313): 323–27. 1007	
Álamo, David del, Hervé Rouault, and François Schweisguth. 2011. “Mechanism and 1008	
Significance of Cis-Inhibition in Notch Signalling.” Current Biology: CB 21 (1): R40–1009	
47. 1010	
Andrawes, Marie Blanke, Xiang Xu, Hong Liu, Scott B. Ficarro, Jarrod A. Marto, Jon C. 1011	
Aster, and Stephen C. Blacklow. 2013. “Intrinsic Selectivity of Notch 1 for Delta-like 1012	
4 over Delta-like 1.” The Journal of Biological Chemistry 288 (35): 25477–89. 1013	
Antebi, Yaron E., James M. Linton, Heidi Klumpe, Bogdan Bintu, Mengsha Gong, 1014	
Christina Su, Reed McCardell, and Michael B. Elowitz. 2017. “Combinatorial Signal 1015	
Perception in the BMP Pathway.” Cell 170 (6): 1184–96.e24. 1016	
Artavanis-Tsakonas, S., M. D. Rand, and R. J. Lake. 1999. “Notch Signaling: Cell Fate 1017	
Control and Signal Integration in Development.” Science 284 (5415): 770–76. 1018	
Babb, Rebecca, Dhivya Chandrasekaran, Vitor Carvalho Moreno Neves, and Paul T. 1019	
Sharpe. 2017. “Axin2-Expressing Cells Differentiate into Reparative Odontoblasts 1020	
via Autocrine Wnt/β-Catenin Signaling in Response to Tooth Damage.” Scientific 1021	
Reports 7 (1): 3102. 1022	
Barad, Omer, Dalia Rosin, Eran Hornstein, and Naama Barkai. 2010. “Error Minimization 1023	
in Lateral Inhibition Circuits.” Science Signaling 3 (129): ra51. 1024	
Bardot, Boris, Lee-Peng Mok, Tristan Thayer, Francois Ahimou, and Cedric Wesley. 1025	
2005. “The Notch Amino Terminus Regulates Protein Levels and Delta-Induced 1026	
Clustering of Drosophila Notch Receptors.” Experimental Cell Research 304 (1): 1027	
202–23. 1028	
Benedito, Rui, Cristina Roca, Inga Sörensen, Susanne Adams, Achim Gossler, Marcus 1029	
Fruttiger, and Ralf H. Adams. 2009. “The Notch Ligands Dll4 and Jagged1 Have 1030	
Opposing Effects on Angiogenesis.” Cell 137 (6): 1124–35. 1031	
Bertrand, Nicolas, Diogo S. Castro, and François Guillemot. 2002. “Proneural Genes 1032	
and the Specification of Neural Cell Types.” Nature Reviews. Neuroscience 3 (7): 1033	
517–30. 1034	
Bray, Sarah J. 2016. “Notch Signalling in Context.” Nature Reviews. Molecular Cell 1035	
Biology 17 (11): 722–35. 1036	
Celis, J. F. de, and S. Bray. 1997. “Feed-Back Mechanisms Affecting Notch Activation at 1037	
the Dorsoventral Boundary in the Drosophila Wing.” Development  124 (17): 3241–1038	
51. 1039	
Celis, J. F. de, S. Bray, and A. Garcia-Bellido. 1997. “Notch Signalling Regulates Veinlet 1040	
Expression and Establishes Boundaries between Veins and Interveins in the 1041	
Drosophila Wing.” Development  124 (10): 1919–28. 1042	
Choi, Harry M. T., Joann Y. Chang, Le A. Trinh, Jennifer E. Padilla, Scott E. Fraser, and 1043	
Niles A. Pierce. 2010. “Programmable in Situ Amplification for Multiplexed Imaging 1044	
of mRNA Expression.” Nature Biotechnology 28 (11): 1208–12. 1045	
Choi, Harry M. T., Maayan Schwarzkopf, Mark E. Fornace, Aneesh Acharya, Georgios 1046	
Artavanis, Johannes Stegmaier, Alexandre Cunha, and Niles A. Pierce. 2018. 1047	
“Third-Generation in Situ Hybridization Chain Reaction: Multiplexed, Quantitative, 1048	
Sensitive, Versatile, Robust.” bioRxiv. https://doi.org/10.1101/285213. 1049	
Collier, J. R., N. A. Monk, P. K. Maini, and J. H. Lewis. 1996. “Pattern Formation by 1050	
Lateral Inhibition with Feedback: A Mathematical Model of Delta-Notch Intercellular 1051	
Signalling.” Journal of Theoretical Biology 183 (4): 429–46. 1052	
Cong, Le, F. Ann Ran, David Cox, Shuailiang Lin, Robert Barretto, Naomi Habib, Patrick 1053	
D. Hsu, et al. 2013. “Multiplex Genome Engineering Using CRISPR/Cas Systems.” 1054	
Science 339 (6121): 819–23. 1055	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 60	
Cordle, Jemima, Steven Johnson, Joyce Zi Yan Tay, Pietro Roversi, Marian B. Wilkin, 1056	
Beatriz Hernández de Madrid, Hideyuki Shimizu, et al. 2008. “A Conserved Face of 1057	
the Jagged/Serrate DSL Domain Is Involved in Notch Trans-Activation and Cis-1058	
Inhibition.” Nature Structural & Molecular Biology 15 (8): 849–57. 1059	
Coumailleau, F., M. Fürthauer, J. A. Knoblich, and M. González-Gaitán. 2009. 1060	
“Directional Delta and Notch Trafficking in Sara Endosomes during Asymmetric Cell 1061	
Division.” Nature 458 (7241): 1051–55. 1062	
Daadi, Marcel M. 2002. “In Vitro Assays for Neural Stem Cell Differentiation.” Methods in 1063	
Molecular Biology  198: 149–55. 1064	
Dahan, Stephanie, Keren M. Rabinowitz, Andrea P. Martin, M. Cecilia Berin, Jay C. 1065	
Unkeless, and Lloyd Mayer. 2011. “Notch-1 Signaling Regulates Intestinal Epithelial 1066	
Barrier Function, through Interaction with CD4+ T Cells, in Mice and Humans.” 1067	
Gastroenterology 140 (2): 550–59. 1068	
Daudet, Nicolas, and Julian Lewis. 2005. “Two Contrasting Roles for Notch Activity in 1069	
Chick Inner Ear Development: Specification of Prosensory Patches and Lateral 1070	
Inhibition of Hair-Cell Differentiation.” Development  132 (3): 541–51. 1071	
Dovey, H. F., V. John, J. P. Anderson, L. Z. Chen, P. de Saint Andrieu, L. Y. Fang, S. B. 1072	
Freedman, et al. 2001. “Functional Gamma-Secretase Inhibitors Reduce Beta-1073	
Amyloid Peptide Levels in Brain.” Journal of Neurochemistry 76 (1). Wiley Online 1074	
Library: 173–81. 1075	
Eddison, M., I. Le Roux, and J. Lewis. 2000. “Notch Signaling in the Development of the 1076	
Inner Ear: Lessons from Drosophila.” Proceedings of the National Academy of 1077	
Sciences of the United States of America 97 (22): 11692–99. 1078	
Fang, Miaoqing, Huangming Xie, Stephanie K. Dougan, Hidde Ploegh, and Alexander 1079	
van Oudenaarden. 2013. “Stochastic Cytokine Expression Induces Mixed T Helper 1080	
Cell States.” PLoS Biology 11 (7): e1001618. 1081	
Feinerman, Ofer, Garrit Jentsch, Karen E. Tkach, Jesse W. Coward, Matthew M. 1082	
Hathorn, Michael W. Sneddon, Thierry Emonet, Kendall A. Smith, and Grégoire 1083	
Altan-Bonnet. 2010. “Single-Cell Quantification of IL-2 Response by Effector and 1084	
Regulatory T Cells Reveals Critical Plasticity in Immune Response.” Molecular 1085	
Systems Biology 6 (November): 437. 1086	
Fiuza, U. M., T. Klein, and A. Martinez Arias. 2010. “Mechanisms of Ligand‐mediated 1087	
Inhibition in Notch Signaling Activity in Drosophila.” Developmental. Wiley Online 1088	
Library. http://onlinelibrary.wiley.com/doi/10.1002/dvdy.22207/full. 1089	
Formosa-Jordan, Pau, and Marta Ibañes. 2014a. “Competition in Notch Signaling with 1090	
Cis Enriches Cell Fate Decisions.” PloS One 9 (4): e95744. 1091	
———. 2014b. “Competition in Notch Signaling with Cis Enriches Cell Fate Decisions.” 1092	
PloS One 9 (4): e95744. 1093	
Franklin, J. L., B. E. Berechid, F. B. Cutting, A. Presente, C. B. Chambers, D. R. Foltz, 1094	
A. Ferreira, and J. S. Nye. 1999. “Autonomous and Non-Autonomous Regulation of 1095	
Mammalian Neurite Development by Notch1 and Delta1.” Current Biology: CB 9 1096	
(24): 1448–57. 1097	
Frieda, Kirsten L., James M. Linton, Sahand Hormoz, Joonhyuk Choi, Ke-Huan K. 1098	
Chow, Zakary S. Singer, Mark W. Budde, Michael B. Elowitz, and Long Cai. 2017. 1099	
“Synthetic Recording and in Situ Readout of Lineage Information in Single Cells.” 1100	
Nature 541 (7635): 107–11. 1101	
Fürthauer, Maximilian, and Marcos González-Gaitán. 2009. “Endocytic Regulation of 1102	
Notch Signalling during Development.” Traffic  10 (7): 792–802. 1103	
Golson, Maria L., John Le Lay, Nan Gao, Nuria Brämswig, Kathleen M. Loomes, 1104	
Rebecca Oakey, Catherine L. May, Peter White, and Klaus H. Kaestner. 2009. 1105	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 61	
“Jagged1 Is a Competitive Inhibitor of Notch Signaling in the Embryonic Pancreas.” 1106	
Mechanisms of Development 126 (8-9): 687–99. 1107	
Hansson, Emil M., Ana I. Teixeira, Maria V. Gustafsson, Takeaki Dohda, Gavin 1108	
Chapman, Konstantinos Meletis, Jonas Muhr, and Urban Lendahl. 2006. “Recording 1109	
Notch Signaling in Real Time.” Developmental Neuroscience 28 (1-2): 118–27. 1110	
Hartman, Byron H., Thomas A. Reh, and Olivia Bermingham-McDonogh. 2010. “Notch 1111	
Signaling Specifies Prosensory Domains via Lateral Induction in the Developing 1112	
Mammalian Inner Ear.” Proceedings of the National Academy of Sciences of the 1113	
United States of America 107 (36): 15792–97. 1114	
Hicks, C., S. H. Johnston, G. diSibio, A. Collazo, T. F. Vogt, and G. Weinmaster. 2000. 1115	
“Fringe Differentially Modulates Jagged1 and Delta1 Signalling through Notch1 and 1116	
Notch2.” Nature Cell Biology 2 (8): 515–20. 1117	
Hsieh, En-Hui, and David D. Lo. 2012. “Jagged1 and Notch1 Help Edit M Cell Patterning 1118	
in Peyer’s Patch Follicle Epithelium.” Developmental and Comparative Immunology 1119	
37 (2): 306–12. 1120	
Imayoshi, Itaru, Akihiro Isomura, Yukiko Harima, Kyogo Kawaguchi, Hiroshi Kori, Hitoshi 1121	
Miyachi, Takahiro Fujiwara, Fumiyoshi Ishidate, and Ryoichiro Kageyama. 2013. 1122	
“Oscillatory Control of Factors Determining Multipotency and Fate in Mouse Neural 1123	
Progenitors.” Science 342 (6163): 1203–8. 1124	
Imayoshi, Itaru, Masayuki Sakamoto, Masahiro Yamaguchi, Kensaku Mori, and 1125	
Ryoichiro Kageyama. 2010. “Essential Roles of Notch Signaling in Maintenance of 1126	
Neural Stem Cells in Developing and Adult Brains.” The Journal of Neuroscience: 1127	
The Official Journal of the Society for Neuroscience 30 (9): 3489–98. 1128	
Jacobsen, T. L., K. Brennan, A. M. Arias, and M. A. Muskavitch. 1998. “Cis-Interactions 1129	
between Delta and Notch Modulate Neurogenic Signalling in Drosophila.” 1130	
Development  125 (22): 4531–40. 1131	
Kageyama, Ryoichiro, Toshiyuki Ohtsuka, Hiromi Shimojo, and Itaru Imayoshi. 2008. 1132	
“Dynamic Notch Signaling in Neural Progenitor Cells and a Revised View of Lateral 1133	
Inhibition.” Nature Neuroscience 11 (11): 1247–51. 1134	
Klose, Ralph, Caroline Berger, Iris Moll, M. Gordian Adam, Frank Schwarz, Kerstin 1135	
Mohr, Hellmut G. Augustin, and Andreas Fischer. 2015. “Soluble Notch Ligand and 1136	
Receptor Peptides Act Antagonistically during Angiogenesis.” Cardiovascular 1137	
Research 107 (1): 153–63. 1138	
LeBon, Lauren, Tom V. Lee, David Sprinzak, Hamed Jafar-Nejad, and Michael B. 1139	
Elowitz. 2014. “Fringe Proteins Modulate Notch-Ligand Cis and Trans Interactions 1140	
to Specify Signaling States.” eLife 3 (September): e02950. 1141	
Leibiger, Barbara, Tilo Moede, Thusitha P. Muhandiramlage, Daniel Kaiser, Pilar Vaca 1142	
Sanchez, Ingo B. Leibiger, and Per-Olof Berggren. 2012. “Glucagon Regulates Its 1143	
Own Synthesis by Autocrine Signaling.” Proceedings of the National Academy of 1144	
Sciences of the United States of America 109 (51): 20925–30. 1145	
Liu, Zhenan, Leo A. van Grunsven, Elke Van Rossen, Ben Schroyen, Jean-Pierre 1146	
Timmermans, Albert Geerts, and Hendrik Reynaert. 2010. “Blebbistatin Inhibits 1147	
Contraction and Accelerates Migration in Mouse Hepatic Stellate Cells.” British 1148	
Journal of Pharmacology 159 (2): 304–15. 1149	
Louvi, Angeliki, and Spyros Artavanis-Tsakonas. 2012. “Notch and Disease: A Growing 1150	
Field.” Seminars in Cell & Developmental Biology 23 (4): 473–80. 1151	
Lowell, Sally, Philip Jones, Isabelle Le Roux, Jenny Dunne, and Fiona M. Watt. 2000. 1152	
“Stimulation of Human Epidermal Differentiation by Delta–Notch Signalling at the 1153	
Boundaries of Stem-Cell Clusters.” Current Biology: CB 10 (9): 491–500. 1154	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 62	
Luca, Vincent C., Kevin M. Jude, Nathan W. Pierce, Maxence V. Nachury, Suzanne 1155	
Fischer, and K. Christopher Garcia. 2015. “Structural Biology. Structural Basis for 1156	
Notch1 Engagement of Delta-like 4.” Science 347 (6224): 847–53. 1157	
McKay, M. D., R. J. Beckman, and W. J. Conover. 1979. “Comparison of Three Methods 1158	
for Selecting Values of Input Variables in the Analysis of Output from a Computer 1159	
Code.” Technometrics: A Journal of Statistics for the Physical, Chemical, and 1160	
Engineering Sciences 21 (2). Taylor & Francis: 239–45. 1161	
Micchelli, C. A., E. J. Rulifson, and S. S. Blair. 1997. “The Function and Regulation of 1162	
Cut Expression on the Wing Margin of Drosophila: Notch, Wingless and a Dominant 1163	
Negative Role for Delta and Serrate.” Development  124 (8): 1485–95. 1164	
Miller, Adam C., Eric L. Lyons, and Tory G. Herman. 2009. “Cis-Inhibition of Notch by 1165	
Endogenous Delta Biases the Outcome of Lateral Inhibition.” Current Biology: CB 1166	
19 (16): 1378–83. 1167	
Moloney, D. J., V. M. Panin, S. H. Johnston, J. Chen, L. Shao, R. Wilson, Y. Wang, et al. 1168	
2000. “Fringe Is a Glycosyltransferase That Modifies Notch.” Nature 406 (6794): 1169	
369–75. 1170	
Nagao, Motoshi, Michiya Sugimori, and Masato Nakafuku. 2007. “Cross Talk between 1171	
Notch and Growth Factor/cytokine Signaling Pathways in Neural Stem Cells.” 1172	
Molecular and Cellular Biology 27 (11): 3982–94. 1173	
Nandagopal, Nagarajan, Leah A. Santat, Lauren LeBon, David Sprinzak, Marianne E. 1174	
Bronner, and Michael B. Elowitz. 2018. “Dynamic Ligand Discrimination in the Notch 1175	
Signaling Pathway.” Cell 172 (4): 869–80.e19. 1176	
Nichols, James T., Alison Miyamoto, Samantha L. Olsen, Brendan D’Souza, Christine 1177	
Yao, and Gerry Weinmaster. 2007. “DSL Ligand Endocytosis Physically Dissociates 1178	
Notch1 Heterodimers before Activating Proteolysis Can Occur.” The Journal of Cell 1179	
Biology 176 (4): 445–58. 1180	
Nichols, J. T., A. Miyamoto, and G. Weinmaster. 2007. “Notch Signaling–constantly on 1181	
the Move.” Traffic . Wiley Online Library. 1182	
http://onlinelibrary.wiley.com/doi/10.1111/j.1600-0854.2007.00592.x/full. 1183	
Nienow, A. W., C. J. Hewitt, and TRJ Heathman. 2016. “Agitation Conditions for the 1184	
Culture and Detachment of hMSCs from Microcarriers in Multiple Bioreactor 1185	
Platforms.” Biochemical. Elsevier. 1186	
https://www.sciencedirect.com/science/article/pii/S1369703X15300309. 1187	
Owens, R. B., C. H. S. Smith, and A. J. Hackett. 1974. “Epithelial Cell Cultures From 1188	
Normal Glandular Tissue of Mice.” Journal of the National Cancer Institute 53 (1). 1189	
Oxford University Press: 261–69. 1190	
Pelullo, Maria, Roberta Quaranta, Claudio Talora, Saula Checquolo, Samantha Cialfi, 1191	
Maria Pia Felli, Geertruy te Kronnie, et al. 2014. “Notch3/Jagged1 Circuitry 1192	
Reinforces Notch Signaling and Sustains T-ALL.” Neoplasia  16 (12): 1007–17. 1193	
Raab, G., and M. Klagsbrun. 1997. “Heparin-Binding EGF-like Growth Factor.” 1194	
Biochimica et Biophysica Acta 1333 (3): F179–99. 1195	
Sääf, Annika M., Jennifer M. Halbleib, Xin Chen, Siu Tsan Yuen, Suet Yi Leung, W. 1196	
James Nelson, and Patrick O. Brown. 2007. “Parallels between Global 1197	
Transcriptional Programs of Polarizing Caco-2 Intestinal Epithelial Cells in Vitro and 1198	
Gene Expression Programs in Normal Colon and Colon Cancer.” Molecular Biology 1199	
of the Cell 18 (11): 4245–60. 1200	
Sato, Toshiro, Robert G. Vries, Hugo J. Snippert, Marc van de Wetering, Nick Barker, 1201	
Daniel E. Stange, Johan H. van Es, et al. 2009. “Single Lgr5 Stem Cells Build Crypt-1202	
Villus Structures in Vitro without a Mesenchymal Niche.” Nature 459 (7244): 262–1203	
65. 1204	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 63	
Semerci, Fatih, William Tin-Shing Choi, Aleksandar Bajic, Aarohi Thakkar, Juan Manuel 1205	
Encinas, Frederic Depreux, Neil Segil, Andrew K. Groves, and Mirjana Maletic-1206	
Savatic. 2017. “Lunatic Fringe-Mediated Notch Signaling Regulates Adult 1207	
Hippocampal Neural Stem Cell Maintenance.” eLife 6 (July). 1208	
https://doi.org/10.7554/eLife.24660. 1209	
Shimizu, K., S. Chiba, T. Saito, K. Kumano, T. Takahashi, and H. Hirai. 2001. “Manic 1210	
Fringe and Lunatic Fringe Modify Different Sites of the Notch2 Extracellular Region, 1211	
Resulting in Different Signaling Modulation.” The Journal of Biological Chemistry 1212	
276 (28): 25753–58. 1213	
Shukunami, C., H. Akiyama, T. Nakamura, and Y. Hiraki. 2000. “Requirement of 1214	
Autocrine Signaling by Bone Morphogenetic Protein-4 for Chondrogenic 1215	
Differentiation of ATDC5 Cells.” FEBS Letters 469 (1): 83–87. 1216	
Shutova, Maria, Changsong Yang, Jury M. Vasiliev, and Tatyana Svitkina. 2012. 1217	
“Functions of Nonmuscle Myosin II in Assembly of the Cellular Contractile System.” 1218	
PloS One 7 (7): e40814. 1219	
Siebel, Chris, and Urban Lendahl. 2017. “Notch Signaling in Development, Tissue 1220	
Homeostasis, and Disease.” Physiological Reviews 97 (4): 1235–94. 1221	
Singh, Amar B., Keisuke Sugimoto, and Raymond C. Harris. 2007. “Juxtacrine Activation 1222	
of Epidermal Growth Factor (EGF) Receptor by Membrane-Anchored Heparin-1223	
Binding EGF-like Growth Factor Protects Epithelial Cells from Anoikis While 1224	
Maintaining an Epithelial Phenotype.” The Journal of Biological Chemistry 282 (45): 1225	
32890–901. 1226	
Sonderegger, P., and F. G. Rathjen. 1992. “Regulation of Axonal Growth in the 1227	
Vertebrate Nervous System by Interactions between Glycoproteins Belonging to 1228	
Two Subgroups of the Immunoglobulin Superfamily.” The Journal of Cell Biology 1229	
119 (6): 1387–94. 1230	
Sprinzak, David, Amit Lakhanpal, Lauren LeBon, Jordi Garcia-Ojalvo, and Michael B. 1231	
Elowitz. 2011. “Mutual Inactivation of Notch Receptors and Ligands Facilitates 1232	
Developmental Patterning.” PLoS Computational Biology 7 (6): e1002069. 1233	
Sprinzak, David, Amit Lakhanpal, Lauren Lebon, Leah A. Santat, Michelle E. Fontes, 1234	
Graham A. Anderson, Jordi Garcia-Ojalvo, and Michael B. Elowitz. 2010. “Cis-1235	
Interactions between Notch and Delta Generate Mutually Exclusive Signalling 1236	
States.” Nature 465 (7294): 86–90. 1237	
Stingl, John, Peter Eirew, Ian Ricketson, Mark Shackleton, François Vaillant, David Choi, 1238	
Haiyan I. Li, and Connie J. Eaves. 2006. “Purification and Unique Properties of 1239	
Mammary Epithelial Stem Cells.” Nature 439 (7079): 993–97. 1240	
Taylor, Paul, Hideyuki Takeuchi, Devon Sheppard, Chandramouli Chillakuri, Susan M. 1241	
Lea, Robert S. Haltiwanger, and Penny A. Handford. 2014. “Fringe-Mediated 1242	
Extension of O-Linked Fucose in the Ligand-Binding Region of Notch1 Increases 1243	
Binding to Mammalian Notch Ligands.” Proceedings of the National Academy of 1244	
Sciences of the United States of America 111 (20): 7290–95. 1245	
Yang, Liang-Tung, James T. Nichols, Christine Yao, Jennifer O. Manilay, Ellen A. 1246	
Robey, and Gerry Weinmaster. 2005. “Fringe Glycosyltransferases Differentially 1247	
Modulate Notch1 Proteolysis Induced by Delta1 and Jagged1.” Molecular Biology of 1248	
the Cell 16 (2): 927–42. 1249	
Yokoyama, Yuichiro, Toshiaki Watanabe, Yusuke Tamura, Yoshinobu Hashizume, 1250	
Kohei Miyazono, and Shogo Ehata. 2017. “Autocrine BMP-4 Signaling Is a 1251	
Therapeutic Target in Colorectal Cancer.” Cancer Research 77 (15): 4026–38. 1252	
Youk, Hyun, and Wendell A. Lim. 2014. “Secreting and Sensing the Same Molecule 1253	
Allows Cells to Achieve Versatile Social Behaviors.” Science 343 (6171): 1242782. 1254	
.CC-BY 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint. http://dx.doi.org/10.1101/313171doi: bioRxiv preprint first posted online May. 2, 2018; 
	 64	
 1255	
 1256	
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Supplementary File 1A. Cell lines used in this work 1258	
 1259	
Cell line 
name 
Selection Notes Figure(s) 
CHO-K1 Blasticidin 10µg/mL Base wild-type cell line 
expressing TetR                
(K1-TREx CHO-K1) 
1,2,4 
1-figure 
supplement 
1,2,3 
2-figure 
supplement 
1,2 
4-figure 
supplement 1 
N1D1 Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL 
Hygromycin 500µg/mL 
CHO-K1 expressing pEF-
hNECD-Gal4esn + pcDNA5-
TO-Dll1-T2A-H2B-mCherry + 
pEV-UAS-H2B-Citrine 
 
2 
N1D1+Rfng Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
Hygromycin 500µg/mL,  
Puromycin 3µg/mL 
CHO-K1 expressing pEF-
hNECD-Gal4esn + pcDNA5-
TO-Dll1-T2A-H2B-mCherry + 
pEV-UAS-H2B-Citrine + 
pLenti-CMV-R-fringe-T2A-
Puromycin 
 
 
1,2,4  
1-figure 
supplement 
1,2  
4-figure 
supplement 1 
N1WTD1+Rfng Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
Hygromycin 
500µg/mL, Puromycin 
3µg/mL 
CHO-K1 expressing pcDNA3‐
hN1‐mod1 + pcDNA5-TO-
Dll1-mCherry + pEV-12xCSL-
H2B-Citrine + piggyBac-
CMV-R-fringe + pCS-H2B-
Cerulean 
1-figure 
supplement 3 
NMuMG 
N1D1+Rfng 
Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
NMuMG expressing 
piggyBac- CMV-hNECD-
Gal4-ANK-T2A-H2B-
1-figure 
supplement 3 
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 Hygromycin 
300µg/mL, 4-epiTc 
200ng/ml 
Cerulean + piggyBac-CMV-
TO Dll1-T2A-H2B-mCherry-
P2A-Hygromycin + pEV-
2xHS4-UAS-H2B-Citrine-
T2A-tTS-2xHS4-Blast-T2A-
rTetR-HDAC4-P2A-R-fringe 
 
Caco-2 None Wild-type cells used to 
transfect in pEV-12xCSL-
H2B-Citrine 
1-figure 
supplement 4 
N1D1 Pop Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
Hygromycin 300µg/mL 
CHO-K1 with pEV-UAS-H2B-
Citrine + pCS-H2B-Cerulean 
+ piggyBac-TO-Dll1-T2A-
H2B-mCherry + piggyBac-
CMV-hN1ECD-Gal4  
 
Cell population (Pop) 
2 
N1D4 Pop Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
Hygromycin 300µg/mL 
CHO-K1 with pEV-UAS-H2B-
Citrine + pCS-H2B-Cerulean 
+ piggyBac-TO-Dll4-T2A-
H2B-mCherry + piggyBac-
CMV-hN1ECD-Gal4  
 
Cell population (Pop) 
2  
2-figure 
supplement 1 
N2D1 Pop Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
Hygromycin 300µg/mL 
CHO-K1 with pEV-UAS-H2B-
Citrine + pCS-H2B-Cerulean 
+ piggyBac-TO-Dll1-T2A-
H2B-mCherry + piggyBac-
CMV-hN2ECD-Gal4  
 
Cell population (Pop) 
2  
2-figure 
supplement 2 
N2D4 Pop Blasticidin 10µg/mL, 
Zeocin 400µg/mL, 
Geneticin 600µg/mL, 
Hygromycin 300µg/mL 
CHO-K1 with pEV-UAS-H2B-
Citrine + pCS-H2B-Cerulean 
+ piggyBac-TO-Dll4-T2A-
H2B-mCherry + piggyBac-
CMV-hN2ECD-Gal4  
 
Cell population (Pop) 
2  
2-figure 
supplement 2 
NSC None E14.5 mouse neural cortical 
stem cells (NSC) 
3  
3-figure 
supplement 
1,2 
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 1260	
Supplementary File 1B. Plasmids used in this work 1261	
 1262	
Construct 
name 
Promoter Gene Mammalian 
selection 
Role 
pEV‐UAS‐
H2B‐Citrine 
 
UAS H2B-Citrine Zeocin Reporter for 
Notch1ECD-Gal4 
receptor in CHO 
cells 
pEV-2xHS4-
UAS-H2B-
Citrine-T2A-
tTS-2xHS4-
Blast-T2A-
rTetR-
HDAC4-P2A-
R-fringe  
UAS for 
H2B-
Citrine-
T2A-tTS  
 
SV40 for 
Blast-T2A-
rTetR-
HDAC4-
P2A-R-
fringe 
2xHS4 insulator 
elements surrounding 
H2B-Citrine with co-
translationally 
expressed tTS  
 
Blasticidin with co-
translationally 
expressed rTetR-
HDAC4 and R-fringe 
Blasticidin Reporter for 
Notch1ECD-Gal4-
ANK receptor in 
NMuMG cells (tTS 
was not relevant for 
this work and was 
inactivated by 4-
epiTc) 
 
rTetR-HDAC4 was 
used to decrease 
Delta expression in 
the presence of 
Dox. 
 
Constitutive R-
fringe expression in 
NMuMG cells 
pEV-12xCSL‐
H2B‐Citrine 
 
12xCSL H2B-Citrine Zeocin Reporter for 
Notch1WT receptor 
in CHO and Caco-2 
cells 
pEF-hN1ECD-
Gal4 
pEF hNotch1ECD-Gal4 Neomycin/ 
Geneticin 
Notch1ECD-Gal4 
synthetic receptor 
used in CHO clones 
piggyBac-
CMV-
hN1ECD-Gal4 
CMV hNotch1ECD-Gal4 Neomycin/ 
Geneticin 
Notch1ECD-Gal4 
synthetic receptor 
used in CHO 
populations 
piggyBac-
CMV-
hN2ECD-Gal4 
CMV hNotch2ECD-Gal4 Neomycin/ 
Geneticin 
Notch2ECD-Gal4 
synthetic receptor 
used in CHO 
populations 
pcDNA3‐hN1‐
mod1 
CMV hNotch1 (full-length) Neomycin/ 
Geneticin 
Wild-type Notch1 
receptor used in 
CHO clones 
piggyBac-
CMV-hNECD-
Gal4-ANK-
T2A-H2B-
CMV hNotch1ECD-Gal4-
ANK (Notch1ICD 
Ankyrin domain) with 
a co-translationally 
Neomycin/ 
Geneticin 
Notch1ECD-Gal4-
ANK synthetic 
receptor used in 
NMuMG clones 
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Cerulean 
  
expressed H2B-
Cerulean 
pcDNA5-TO-
Dll1-T2A-
H2B-mCherry 
 
CMV-TO Delta-like1 with a co-
translationally 
expressed H2B-
mCherry 
Hygromycin Inducible Delta-
like1 ligand used in 
CHO clones and 
populations  
pcDNA5-TO‐
Dll1‐ mCherry 
 
CMV-TO Delta-like1 fused to 
mCherry 
Hygromycin Inducible Delta-
like1-mCherry 
fusion used in CHO 
clones with 
Notch1WT receptor 
piggyBac-
CMV-TO Dll1-
T2A-H2B-
mCherry-P2A-
Hygromycin  
CMV-TO Delta-like1 with a co-
translationally 
expressed H2B-
mCherry and 
hygromycin 
resistance gene 
Hygromycin Inducible Delta-
like1 ligand used in 
CHO populations 
and NMuMG clones 
piggyBac-
CMV-TO-Dll4-
T2A-H2B-
mCherry-P2A-
Hygromycin 
 
CMV-TO Delta-like4 with a co-
translationally 
expressed H2B-
mCherry and 
hygromycin 
resistance gene 
Hygromycin Inducible Delta-
like4 ligand used in 
CHO populations  
pLenti-CMV-
R-fringe-T2A-
Puromycin  
 
CMV R-fringe with a co-
translationally 
expressed puromycin 
resistance gene 
Puromycin Constitutive R-
fringe expression in 
CHO N1D1+Rfng 
cells  
pCS‐H2B‐
Cerulean 
 
CMV H2B-Cerulean None Segmentation color 
used in CHO cells 
 1263	
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